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Abstract 
The interfacial electrochemistry of horse heart cytochrome £was 
studied at metal and metal oxide electrodes. Sperm whale myoglobin 
reactions at metal oxide and surface modified electrodes were also 
investigated. Emphasis was on the measurement and mechanistic in­
terpretation of the heterogeneous electron transfer kinetic parameters 
for these electrode reactions. 
The motivation for this study stems from the fact that some 
electron transfer proteins, e.g., cytochrome£, transfer electrons 
heterogeneously in physiological systems. Specific electrodes may, 
therefore, serve as suitable models for physiological surfaces. 
Electrode and membrane interfaces are both electrically charged and 
both have oriented hydration water layers. 
The cyclic voltammetric behavior of cytochrome£ at solid elec­
trodes is strongly influenced by the purity of the sample. Follow­
ing dissolution, commercial samples exhibit a continuous, time-de­
pendent decrease in reversibility until a stable reproducible cyclic 
voltammogram is obtained after about one hour in quiet solution. 
The decrease in the formal heterogeneous electron transfer rate con­
stant corresponding to this process is � two orders of magnitude at 
doped tin oxide and indium oxide electrodes. However, commercial 
cytochrome£ samples purified by ion-exchange chromatography exhibit 
more reversible responses which do not decay significantly with time. 
Formal heterogeneous electron transfer rate constants ( k0 ) for 
purified cytochrome £were determined in pH 7 tris/cacodylate media 
by analyzing cyclic voltammetric peak separations assuming that a = 
xvi 
0.5. Electrodes and approximate ranges of k0 in cm/s: tin doped 
indium oxide, 10-3 to 10-2; fluorine doped tin oxide, 10-4 to 
10-3; gold, 10-3; Pt, 10-3• Kinetics are also affected by elec­
trode pretreatment, cytochrome£ concentration, and electrolyte 
composition. Evidence for cytochrome £adsorption sites of differ­
ing affinities on indium oxide is presented. It is proposed that 
the exposed heme edge of cytochrome £ is the electron transfer 
site and that the rate is controlled by a combination of electro­
static and chemical interfacial forces. A hydrophilic electrode 
surface along with a suitable surface charge appear to be suffi­
cient conditions for facile electron transfer. Specific chemical 
and electrostatic interactions between cytochrome£ lysine resi­
dues and charged oxygen groups on metal oxide surfaces are also 
likely. Electron tunneling to the exposed heme edge is proposed 
to be an important rate-controlling process for the metal oxide 
semiconductors. 
Reductive and oxidative kinetics of commercial cytochrome £ 
at tin oxide electrodes were measured using single potential step 
chronoabsorptometry ( SPS/CA ) and asymmetric double-potential step 
chronoabsorptometry, respectively. Formal rate constants were near 
lo-s cm/s for both reactions, but a and (1 - a) values were ca. 
0.3 and< ca. 0.1, respectively. The irreversibility of these reac­
tions appears to be due to surface adsorption of an impurity which 
restricts approach of the cytochrome £molecules to the electrode 
surface. 
Reductive kinetics of myoglobin at tin oxide and at methyl 
xvii 
viologen modified gold electrodes were measured using SPS/CA. The 
reaction was irreversible with marked adsorption effects. Electron 
transfer to diffusing molecules appeared to proceed through exposed 
heme groups of adsorbed denatured myoglobin molecules. 
ABSTRACT 
The interfacial electrochemistry of horse heart cytochrome£ and 
sperm whale myoglobin was studied at metal, metal oxide, and surface 
modified electrodes. Emphasis was on the measurement and mechanistic 
interpretation of heterogeneous electron transfer kinetic parameters. 
This study was motivated by the fact that both electrochemical and 
certain physiological electron transfer reactions occur heterogeneous­
ly. A comparison of electrode and membrane interfaces is given with 
emphasis on their similar hydration layers and charge characteristics. 
The electrode response of cytochrome £was strongly dependent on 
sample purity. Well-behaved and reproducible cyclic voltammograms 
were obtained using cytochrome £ which had been purified by ion-ex­
change chromatography. In contrast, commercial samples gave voltam­
metric responses of decreasing reversibility with respect to time un­
til a steady-state was eventually attained. 
Formal heterogeneous electron transfer rate constants (k0) for 
purified cytochrome £were determined in pH 7 tris/cacodylate media 
by analyzing cyclic voltammetric peak separations. Electrodes and ap­
proximate ranges of k0 in cm/s (with a =  0.5): tin doped indium oxide, 
10-3 to > 10-2; fluorine doped tin oxide, lo-� to 10-3; gold, 10-3; 
Pt, 10-3• Kinetics are affected by electrode pretreatment, cytochrome 
£concentration, and electrolyte composition. Electron transfer ap­
pears to occur at the exposed heme edge of cytochrome£ with a rate 
controlled by electrostatic and chemical interfacial forces. Hydro­
phobic/hydrophilic interactions and surface oxygen/cytochrome£ ly­
sine interactions appear to be important. The possibility of rate con-
trol by electron tunneling is discussed. 
Reductive and oxidative kinetics of commercial cytochrome £ at tin 
oxide electrodes were measured using single potential step chronoab­
sorptometry (SPS/CA) and asymmetric double-potential step chronoab­
sorptometry, respectively. Formal rate constants were near lo-s cm/s, 
but a and (1 - a ) values were ca. 0.3 and�£!· 0.1, respectively. 
The irreversibility of these reactions appears to be due to surface 
adsorption of an impurity which restricts suitable approach of the cy­
tochrome c molecules to the electrode surface. 
SPS/CA reductive kinetics of myoglobin at tin oxide and at methyl 
viologen modified gold electrodes were found to be irreversible. 
Electron transfer to diffusing molecules appears to proceed through 
exposed heme groups of adsorbed denatured myoglobin molecules. 
CHAPTER I - INTRODUCTION 
A. Overview 
Bioelectrochemistry, the application of electrochemical principles 
and methods to the study of biological systems, has grown tremendously 
during the last decade. Several recent publications (1-6) as well as 
the literature reviewed in Section F of this chapter are evidence for 
that growth. The recognition that numerous similarities exist between 
biological processes and electrochemical processes has stimulated much 
of this effort. In the preface to his recently edited volume, Sawyer 
(1) wrote: 
"Much of biology and biochemistry involves oxidation-re­
duction processes, atom-transfer reactions, and electron­
transfer reactions. Because the theory and principles of 
electrochemistry are concerned with the same kinds of pro­
cesses, as well as with the thermodynamics and kinetics 
of heterogeneous redox processes, substantial synergis­
tic benefits can result from a coordinated, rational ap­
plication of electrochemical principles and theories to 
the electron-transfer and oxidation-reduction chemistry 
of biology." 
The fundamental heterogeneous aspects of both electrochemistry and 
biology have been emphasized often (1-5). Electrified interfaces are 
found at electrode surfaces as well as membrane surfaces. The proper­
ties and molecular structures of both types of interfaces exhibit cer­
tain similarities. Any chemical or electrochemical process occurring 
at either of these surfaces will have a rate which is dependent on the 
interfacial structure. 
2 
Redox electrodes can generally be employed in either a potentia-
metric sense or a voltan�etric sense. When used potentiometrically, 
an electrode assumes an equilibrium potential which reflects the 
thermodynamic state of a redox couple. For the redox reaction: 
0 
+ ne R ( l ) 
equilibrium exists when (7): 
-
= 
J..LR ( 2) 
where � · �e-• and � are the electrochemical potentials of the oxi­
dized species, electron, and reduced species, respectively. Upon 
immersion of a potentiometric electrode in a redox solution, a neg-
ligibly small amount of net electron flow will occur between one 
form of the redox couple and the electrode. When equilibrium be-
tween the redox couple and the electrode is reached, net current 
flow becomes zero, and the Nernst equation can be used to describe 
the system: 
(3) 
where E is the electrode potential, E0 is the standard potential of 
the redox couple, aR and a0 are the respective activities of the re­
duced and oxidized species, and R, T, n, and F have their usual 
meanings. For nearly all experimental work, the activities in equa­
tion (3) are replaced by their corresponding concentrations, and the 
standard potential is replaced by the formal potential (E0'), which 
includes the activity coefficients for the redox species. The ac­
tivity and concentration of a species i are related by: 
(4) 
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where y is the activity coefficient and [i] is the concentration of 
species i. Potentiometric measurements yield fundamental data 
which is thermodynamic (E0') and stoichiometric (n) in nature. 
When used voltammetrically, an electrode acts to transfer elec­
trons to or from a redox species as a result of an applied poten­
tial which is controlled by the experimenter. These experiments 
can be of steady-state or transient nature with a variety of poten­
tial waveforms available for use. In contrast to the potentiomet­
ric experiment, it is a redox species at the electrode surface 
which is forced to change its thermodynamic state here, rather than 
the electrode. 
If, for a given voltammetric experiment, electron transfer be­
tween the electrode and the redox couple is sufficiently fast to 
maintain practical equilibrium at the electrode/solution interface, 
then the system is said to be electrochemically reversible. The 
current response to a potential perturbation can, in this case, be 
predicted using the Nernst equation in conjunction with mass trans­
port laws since, at any given moment, the electrode/solution in­
terface is considered to be at equilibrium. As with potentiometric 
measurements, thermodynamic (E0') and stoichiometric (n) quantities 
can be obtained for electrochemically reversible systems using 
voltammetric techniques. 
If, for another voltammetric experiment, electron transfer be­
tween the electrode and the redox couple is not sufficiently fast 
to maintain practical thermodynamic equilibrium at the interface, 
the surface redox concentration ratio, [R]x = 0;[o]x = 0, will de­
viate from the value predicted by the Nernst equation. (The sub­
script, x = 0, denotes surface or interfacial quantities.) The 
electrode/solution interface can be considered not to be at equili-
brium because the Nernstian concentration ratio is, in effect, lag-
ging behind the applied potential. These kinds of systems are usu­
ally referred to as quasi-reversible (for moderate deviations from 
equilibrium) or irreversible (for large deviations from equilibri­
um). At any given moment during such an experiment, there will ex­
ist a difference between the actual value of the electrode poten­
tial and that value which would be predicted from the Nernst equa-
tion using the actual surface concentration ratio of the redox 
couple, [R]x = 0;[0]x = o· This difference is termed the charge 
transfer overpotential and is denoted by n. It indicates the ex­
tent to which an additional thermodynamic driving force must be ap­
plied in order for a particular electrode reaction to proceed. 
The charge transfer overpotential can also be described in 
terms of kinetic factors which influence the electron transfer pro-
cess and its subsequent rate. Referring to the electrode reaction 
represented by equation (1), kf,h 
and kb,h are the forward and 
back heterogeneous electron transfer rate constants, respectively. 
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In a non-reversible reductive voltammetric experiment, for example, 
an overpotential is observed because kf,h is important with regard 
to the time scale of the experiment. The measurement of overpoten­
tials and heterogeneous electron transfer rate constants provides 
a quantitative basis for physically describing the molecular pro­
cesses wl1ich occur at the electrode/solution interface. Addition­
al information on electrode kinetics can be found in Chapter II. 
Although the primary data obtained from such experiments are 
complementary to those obtained from potentiometric and reversibly 
behaved voltammetric experiments, being kinetic in nature rather 
than thermodynamic, the same basic processes are endemic to all 
three experiments. Redox systems attain equilibrium with potentio­
metric indicator electrodes at varying rates, oftentimes at rates 
slow enough to be impractical (7). Kinetic constraints on inter­
facial charge transfer is the basis for this phenomenon. Finally, 
electrode reactions which behave reversibly in one voltammetric 
experiment can usually be made to appear non-reversible by using 
another, faster, technique. 
In the research described herein, voltammetric techniques have 
been employed to investigate interfacial electron transfer between 
selected redox proteins and various electrodes. The major objec­
tive, in light of the foregoing discussion, is to measure and in­
terpret factors which influence the heterogeneous electron trans­
fer rates. From these and other data, a heterogeneous electron 
transfer mechanism can be formulated which allows predictions which 
are testable by subsequent experiment. 
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The major impetus for this work stems from the fact that energy 
transmission in biological systems is inextricably linked to mem­
branes and membrane-bound structures (4). Although considerable 
progress has been achieved in understanding biological electron 
transfer, detailed molecular descriptions of these processes are, 
for the most part, unavailable. This is true even for molecules 
whose molecular structures are known, e.g., cytochrome�· The pos­
sibility exists that electrode studies of proteins can provide in­
formation which will aid in understanding living systems at the 
molecular level. 
Major emphasis in the present work has been placed on cyto­
chrome c electron transfer at metal and metal oxide electrodes. 
Cytochrome � is a heme protein of the oxidative phosphorylation 
system in mitochondria. It functions physiologically as an elec­
tron transfer agent and has been extensively researched. Its role 
in the mitochondrion and its properties and reactions are present­
ed in the following two sections, B and C, respectively. 
Section D is a short description of the oxygen storage protein 
myoglobin. Although it is not an electron transfer protein, myo­
globin can be electrochemically reduced and oxidized, and it was 
employed in the earlier stages of this work. Comparative studies 
of myoglobin and cytochrome� are potentially useful for elucidat­
ing molecular features conducive to heterogeneous electron trans­
fer. 
A basic description of electrode and membrane interfaces is 
given in Section E of this chapter. Similarities and differences 
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are discussed. 
Section F, the final part of the Introduction, is a critical, 
detailed review of the literature which deals with direct electro­
chemical reduction and oxidation of heme proteins. Reviews of 
this literature have not appeared elsewhere. 
The conventions used in this dissertation for electrochemical 
parameters are as follows. All electrode potentials (E) are ref­
erenced to the normal hydrogen electrode (NHE), including litera­
ture values. For those, potentials have been changed to the NHE 
scale using E = +0.244 V (7) for the saturated calomel electrode, 
when used, or the reference electrode potentials given in specific 
papers. 
Overpotential is defined as: 
n = E (5) 
The sign is retained so that reductive and oxidative overpotentials 
are negative and positive quantities, respectively. 
References in this dissertation are organized as follows. In 
Chapter I, a separate reference list can be found at the end of 
each section, A through F. For Chapters II - V, a separate list 
is provided at the end of each chapter. 
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B. Mitochondrial Oxidative Phosphorylation ( 1-3) 
In eukaryotic organisms, energy for life processes is obtained 
from oxidation of various organic compounds. Part of the energy re­
leased in this degradative process is used in a controlled manner to 
synthesize ATP in the cell mitochondria. ATP can then subsequently 
be used by the organism for all of its energy needs. 
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The mitochondrial system responsible for providing the free energy 
to synthesize ATP from ADP and phosphate is known as the electron 
transport chain. Electrons are carried to this chain from the citric 
acid cycle by organic compounds. They are then progressively trans­
ferred along the components of the chain towards more positive paten-
tials. At the chain end they are transferred to oxygen. Energy re­
leased during this downhill pathway is used to synthesizeATP. The molecu­
lar details by which this is accomplished have not been established. 
The electron transport chain is located on and within the inner 
mitochondrial membrane. The mitochondrion itself usually has an elong­
ated ellipsoid shape, typically 0.5 by 3 � (2), and two membranes 
known as the inner and the outer membranes ( see Figure la) . These 
0 
two membranes are separated by a 50 to 100 A thick region termed the 
intermembrane space. Cytochrome £ is found in this region. ATP 
is synthesized at the inner surface of the inner membrane. 
The sequential arrangement of the electron transport chain (1-4) 
is shown in Figure lb. Basically it consists of four large multi­
enzyme complexes which are integrally bound into the inner membrane. 
Smaller carriers transport the electrons between them. These complex­
es variously contain cytochromes, iron-sulfur proteins, copper, flav-
Figure 1. The mitochondrion: (a): structure (adapted from ref­
erence (2)) and (b): the electron transport chain (based on ref­
erence (1)). 
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ins, and lipids (1-3). Complexes I and II operate in parallel to 
transfer electrons (in the form of hydrogen atoms) from NADH and suc­
cinate, respectively, to the organic molecule ubiquinone (coenzyme Q). 
Complex III, which transfers electrons from ubiquinone to cyto­
chrome £• is also known as cytochrome£ reductase or cytochrome bc1. 
This complex has a molecular weight of about 250,000 daltons (2, 4) 
and contains two �-type cytochromes, a cytochrome £1• and an iron­
sulfur protein. Reduction of cytochrome£ is generally believed to 
occur via the cytochrome £1 heme (1-4), but the iron-sulfur center 
has also been suggested as a possibility (4). 
Complex IV transfers electrons from reduced cytochrome£ to oxy­
gen and is also known as cytochrome£ oxidase or cytochrome �3· This 
complex contains seven peptide subunits, a cytochrome�· a cytochrome 
�3• and two copper atoms and has a molecular weight of approximately 
140,000 (5). Evidently cytochrome£ transfers electrons to the cyto­
chrome a heme of the oxidase (1-5). Although the locations of the 
four complexes within the membrane is a disputed subject, there is 
general agreement that cytochrome £oxidase spans the inner membrane 
and protrudes into the aqueous environment on either side (1-5). 
The two electron transfers which cytochrome£ engages in are near­
ly isopotential in nature as indicated by the redox potentials of the 
involved species. Cytochrome £1 of Complex Ill, cytochrome£ itself, 
and cytochrome� of Complex IV all have similar E0' values located be­
tween +200 and +300 mV (1-4). However, the total potential change 
felt by an electron in going from the first cytochrome� of Complex 
III to cytochrome �3 of Complex IV is�· 0.4 V (1, 3, 4). The 
largest potential drops actually occur therefore within the complexes, 
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and it is the free energy released therein that is used by other mem­
brane components to synthesize ATP. A molecule of ATP can be synthe­
sized at each of Complexes I, III, and IV upon passage of a pair of 
electrons. 
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C. Cytochrome £ 
The tenn "cytochrome" (cyto = cell; chrome = color) refers to a 
large and very diverse group of characteristically colored heme pro­
teins which function for the most part in electron transfer roles. 
They are generally classified into four main groups - cytochromes �· 
£,£, and£- on the basis of heme structural characteristics (1). 
For example, £-type cytochromes have as their prosthetic group heme 
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£, also known as protoheme, which is shown in Figure 2a. This also hap­
pens to be the heme group found in myoglobin and hemoglobin. The only 
covalent bonding between heme £ and any of its associated peptide 
chains occurs at the iron atom. One or both of the axial bonding 
sites can be involved in coordinate covalent bonds with particular 
atoms of amino acid residues. f-type cytochromes are proteins which 
contain heme c as their prosthetic group. As shown in Figure 2b, 
heme c is characterized by two thioether bridges at pyrrole rings 
and 2 which covalently link the porphyrin ring to cysteine residues 
of the polypeptide chain. 
Cytochromes were discovered and correctly identified as cellular 
respiratory agents in diverse living species by MacMunn in 1884-1886. 
Unfortunately, the importance of that discovery went unrecognized for 
40 years due to its subsequent harsh criticism and rejection by Hoppe­
Seyler as well as other factors. In 1g25 Keilin rediscovered these 
compounds and their function and named them cytochromes, meaning 
"cellular pigments". A detailed description of this early history 
can be found in Keilin's book (2); see also (1, 5). 
Keilin was the first to recognize that the cytochromes of MacMunn 
were actually a mixture of compounds, namely cytochromes �· £, and c. 
Figure 2. Hemes b and c. 
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Presently, many cytochromes from each class are known. Of the class 
of £-type cytochromes, the most well-known and widely investigated 
member is that from the eukaryotic mitochondrial respiratory chain, 
named simply "cytochrome£"· 
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Mitochondrial cytochrome c itself is not actually a single com­
pound but differs somewhat in structure from one species to another. 
However, its position in all mitochondrial electron transport chains 
is invariant as is its general structure. The amino acid sequences of 
more than 80 different cytochromes c are known (3) and have provided 
the basis for analyzing cytochrome £from an evolutionary viewpoint. 
These 80+ species encompass vertebrates, invertebrates, plants, fungi, 
and protists, a fact which indicates that cytochrome£ is old from an 
evolutionary standpoint. An outstanding feature of this diverse 
group is the positional immutability of 24 amino acids out of the 100-
110 making up the peptide chain (3). Surprisingly, rates of electron 
transfer between cytochrome £and its physiological redox partners 
often seem little affected by substitution of cytochrome£ from 
another species. For example, cytochromes £from mammals, birds, fish, 
and insects were reported to all react at the same rate with cyto­
chrome c oxidase from beef (4). However, more recently, significant 
species-dependent rate differences have been detected under conditions 
of low ionic strength and low cytochrome£ concentration (3). Accounts 
of the evolutionary aspects of cytochrome £ can be found in references 
(1, 3, 4, and 5), among others. 
Because of the abundance of cytochrome£ literature, only select­
ed aspects of its structure and physicochemical properties will be 
given in the following pages. Excellent comprehensive reviews on cy-
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tochrome c have been given by Margoliash and Schejter (5) in 1966, 
Dickerson and Timkovich (4) in 1975 and Ferguson-Miller et �· (3) in 
1979. Lemberg and Barrett's (1) detailed volume covers all cytochromes, 
including mitochondrial cytochrome £· Other valuable reviews empha­
size molecular structure (6, 7) and binding behavior (8, 9) with re­
gard to elucidating the physiological electron transfer mechanism of 
this particular molecule. Keilin's (2) already mentioned book places 
emphasis on the development of the subject of cellular respiration up 
until the early 1960's. Informative analyses of cytochrome£ within 
the general context of electron transfer proteins have been given by 
Adman (10) and Moore and Williams (11). 
The major role performed by cytochrome£ is the pH-independent 
transfer of electrons from cytochrome £ reductase to cytochrome £ox­
idase. The pertinent reaction is: 
ferricytochrome £ + e- � ferrocytochrome c 
 
-
where the respective iron oxidation states are +3 and +2. In both 
( 6) 
states, the iron is low spin and located in the plane of the porphyrin 
ring (6). The formal reduction potential is +260 mV (4, 6) which 
makes cytochrome£ a high potential £-type cytochrome (1). 
The structure of horse heart cytochrome£ is shown in Figure 3 
and, unless identified otherwise, "cytochrome£" in the remainder of 
this dissertation refers to the horse heart variety. Mitochondrial 
cytochromes £from all other species studied, however, appear to have 
this same general structure, differing usually by substitution of 
similar amino acids or by minor additions or deletions. For example, 
compared to the horse cytochrome £, donkey has 1 amino acid difference 
Figure 3. 
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Cytochrome c molecular structure. This view of oxidized 
horse heart-cytochrome c is towards the molecular front 
face, which contains the exposed heme edge ( or heme crev­
ice) . The left and right sides of the molecule are as 
viewed. Only the a-carbon atoms are shown; amide groups 
are represented by straight bonds. No amino acid side 
chains are shown except for those bonded to the heme, 
i.e., Met-80, His-18, Cys-14, Cys-17. ( Adapted from ref­
erence (4}) . 
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out of a total of�· 100-110, cow has 3, man has 12, tuna has 19, 
fruit fly has 24, tomato has 47, etc. {40). Takano and Dickerson 
(lla) have recently reported refined crystal structures for tuna fer-
0 0 
ricytochrome £and ferrocytochrome £at 1.8 A and 1.5 A resolution, 
respectively. Only minor differences exist between the two forms. 
However, many other studies indicate that the reduced form is struc-
turally more stable than its oxidized counterpart {4-7). This may 
be related to the dynamic, i.e., vibrational, properties of the mole­
cule, which are not revealed in the static X-ray picture (6, 7). 
The heme group of cytochrome £ is firmly attached to the peptide 
chain by four covalent bonds. Two of these are thioether bridges be­
tween the porphyrin ring and chain residues 14 and 17, both cysteines. 
The other two are coordinate covalent axial bonds to the iron center. 
Histidine-18 provides an imidazole nitrogen for the axial site on 
the right side of the molecule, and methionine-SO provides a sulfur 
for bonding on the left side. 
The wrapping of the 104 amino acid chain completely protects the 
heme from solvent except on the front face (see Figure 3) where the 
edges of pyrrole rings 2 and 3 are exposed. This exposed edge of the 
porphyrin ring is located slightly below the molecular surface. Cyto­
chrome£ is typical of globular proteins in that hydrophobic residues 
are generally found in the interior. The right side of the molecule 
is stronger structurally than the left, due in part to the relatively 
weak iron-sulfur bond on the left. In contrast to most other heme 
groups, the two propionic acid residues on pyrrole rings 3 and 4 are 
buried among hydrophobic residues, an unusual configuration which is 
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energetically unfavorable. There are also two hydrophobic "channels" 
which extend from the molecular surface to the heme group. One is 
found on the right side and the other is on the left. These are not 
typical channels since they are completely closed to entry by solvent. 
Much more detailed descrptions of these and other structural features 
are available {1, 3, 4, 6, 7, 10). 
Cytochrome£ is a very basic protein with an isoelectric point of 
ca. 10.0- 10.1 (12). At pH 7, the excess charge on ferricytochrome 
c is approximately +9 (13). This charge, which except for the fer­
ric iron is localized on the surface, results from positively charged 
lysine and arginine residues and negatively charged aspartic acid and 
glutamic acid residues. Because these individual charges are asym­
metrically distributed about the molecular surface, ferricytochrome c 
has a calculated dipole moment of 303 debye (13). The dipole axis 
crosses the molecular surface at alanine-83 on the front side and 
lysine-99 on the back. Positive charges predominate on the front and 
negative charges on the back of the molecule. 
The front side distribution of the positive charges has received 
considerable attention. Of the 19 lysine residues in horse heart cy­
tochrome £• several constitute a ring of positive charge around the 
exposed heme edge {3-7). This common feature of cytochromes £was 
first noticed by Salemme et �· (42). This is also the positively 
charged region where the previously mentioned dipole axis crosses the 
molecular surface. Others have interpreted the positive surface 
charge locations to be associated with the two hydrophobic channels 
of the molecule (11). By inspecting the amino acid sequence of Fig­
ure 3, this latter suggestion appears to have some merit, but it is 
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not as obvious as with the heme crevice argument. 
Solution conditions exert significant effects on cytochrome£ 
structure and reactions. Five pH conformations exist for ferricyto­
chrome £and three for ferrocytochrome £ ( 4 ) . The most well-known 
conformational change is the State III ( neutral pH ) to State IV ( al­
kaline pH ) transition which has a typical pKa of�· 9.3 ( 4 ) . Methio­
nine-SO in State IV is displaced as an iron ligand and replaced by a 
lysine, most likely lysine-79 ( 14 ) . Proton NMR and 695 nm absorbance 
spectrophotometry can be used to monitor this change ( 14 ) . 
Ionic strength and specific ion effects have been extensively in­
vestigated. Tertiary structure ( 14-16 ) and bimolecular electron 
transfer reactions (3, 13, 16-28 ) are sensitive to ionic strength 
effects. Specific ion binding to cytochrome£ can also affect the 
tertiary structure ( 14, 29, 30 ) and reaction rates ( 3, 9, 19, 29 ) , 
The 1980 paper by Osheroff et �· ( 29 ) comprehensively reviews the 
cytochrome£ anion binding literature except for one recent study 
on perchlorate ( 30 ) . 
The process by which cytochrome£ transfers electrons between its 
reductase and oxidase in intact mitochondria remains unanswered ( 3, 
31 ) . In terms of gross mechanics there are three possibilities: 1 ) 
three-dimensional diffusion via the aqueous solution in the intermem­
brane space; 2 ) membrane-bound diffusion, i.e., either rotational dif­
fusion or two-dimensional diffusion on the membrane surface; or 3 ) 
the "solid state" configuration whereby bound cytochrome£ acts as 
an immobile electron transfer bridge between its two membrane-bound 
partners ( 3 ) . For the latter possibility, the electron pathway into 
cytochrome £would have to be different from the path out. For either 
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of the first two possibilities, there could again be different reduc­
tion and oxidation paths, although a single reversible pathway would 
be sufficient. 
Several electron transfer mechanisms have been proposed for cyto­
chrome�· all based on indirect evidence and none verified for the 
physiological situation. Most of these various mechanisms have been 
discussed in detail in recent reports (3, 4, 6, 7, 31 ) and are there­
fore only presented here. Outer sphere electron transfer at the ex­
posed heme edge has received considerable attention since it was 
first proposed ( 32, 32a ) . This type of mechanism appears able to ac­
count for the reaction of cytochrome� with a large number of inorgan­
ic and organic redox agents ( 3, 6, 17, 33, 34 ) . Cytochrome� is con­
sidered in this proposal to be basically an iron complex whose ligand 
structure allows electron transfer to proceed via a typical "inorganic" 
outer sphere process ( 6 ) . 
The exposed heme edge has also been proposed as the site of elec­
tron transfer for another mechanism which, however, involves a radical 
intermediate ( 35 ) . In this treatment electron transfer from a por­
phyrin n-orbital first creates a u-cation radical intermediate with 
subsequent oxidation of the iron center. There has been 
no experimental evidence to support this oxidation mechanism. The 
mechanism for the ferricytochrome �reduction process was not speci­
fied ( 35 ) . 
Several electron tunneling mechanisms have also been suggested 
for cytochrome� electron transfer. Since DeVault and Chance ( 36 ) 
first suggested such a process in 1966 for a photosynthetic cytochrome 
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£ss2o quantum mechanical tunneling in biological systems has received 
serious attention (31, 37-39). The basic idea is that electron trans­
fer rates between two redox centers may be controlled by tunneling 
through a potential energy barrier rather than by classically surmount­
ing it. This situation can arise if the electron donor and acceptor, 
e.g., heme groups in interacting proteins, are separated by more than 
0 
ca. 5 A and if the intervening material has an electron affinity con-
siderably less than the donor (37), thus resulting in a potential en­
ergy barrier for an electron. Unfortunately, the physical nature of 
the barrier is often unspecified or unknown (31, 37). For cytochrome 
£there appears to be two possibilities: 1) electron tunneling to or 
from the exposed heme edge across unspecified intervening media (6, 
7); or 2) electron tunneling through packed hydrophobic regions of 
the protein sheath, i.e., the hydrophobic channels (4, 11, 40). 
Two other cytochrome£ mechanisms have been subsequently abandoned 
by their originators. In one mechanism, reduction or oxidation was 
thought to occur by successive electron transfer and free radical for­
mation along a chain of three aromatic residues on the left side of 
the molecule (41). The lack of requisite residues in certain £-type 
cytochromes and the unfavorable thermodynamics associated with initial 
aromatic radical formation has led to its demise (4, 6, 7). In the 
other proposal (42), electron transfer occurred at the exposed heme 
edge via a ''facilitated'' process first proposed for bacterial cyto­
chrome c2• Interaction of cytochrome£ with its reductase or oxidase 
supposedly destabilized the existing cytochrome£ heme oxidation state 
via an internal network of hydrogen bonds and therefore facilitated 
electron transfer. The failure of structural and sequence data to 
provide the requisite hydrogen bonding has caused this theory to be 
discounted (7, 4, 6). 
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The most recent model to be offered (54) was developed specifical­
ly for the oxidation of ferrocytochrome £ by cytochrome £ peroxidase 
and suggested to be generally valid for the reactions of cytochrome£ 
in the respiratory chain. First a precise complex between cytochrome 
c and a physiological partner forms due to interactions of comple­
mentary charged surface groups on the respective molecules (7, 42). 
Positive charges around the cytochrome £ heme crevice interact with 
negative carboxylate groups near the heme of the second molecule. In 
the resulting complex, the two heme groups are parallel (7, 54) and 
connected by a solvent-excluded conduction bridge composed of rr-rr in­
teractions, ionic interactions, and hydrogen bonds. Formation of an 
electron or hole radical intermediate on the non-cytochrome£ center 
allows the electron transfer to occur. Activation energy for initial 
formation of the radical species is postulated to come from other pro­
cesses, e.g., oxidation of cytochrome£ peroxidase by hydrogen perox­
ide (54). 
A number of the cytochrome£ mechanism proposals invoke electron 
transfer at the exposed heme edge, even though they disagree on de­
tails. As noted earlier the reactions of many inorganic reactants 
are consistent with heme edge transfer. The use of singly modified 
cytochrome £derivatives has very recently provided strong support for 
this idea (43, 44). 
Significantly, modification of single surface residues, nearly al­
ways lysines, has also recently allowed the interaction region of cy­
tochrome c with other biological molecules to be identified and mapped, 
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mostly by the groups of Margoliash and Millett. The surface region 
is very similar for interaction with cytochrome£ oxidase (21, 45, 45a), 
cytochrome£ reductase (21, 45a, 46), sulfite oxidase (20, 24), cyto­
chrome£ peroxidase (47), and cytochrome �5 (45a, 48). It is located 
on the front of the molecule in the vicinity of the heme crevice and 
encompasses the positive lysines surrounding the crevice. Complement­
ary ionic interaction is believed to be important for the recognition 
and binding/association of cytochrome£ with its physiological part­
ners (1, 3, 4, 6, 7, 9, 20, 24, 42, 49, 54). Apparently two cyto­
chrome£ binding sites exist on cytochrome£ oxidase (50). 
Finally, I would like to note that cytochrome£ reacts physio­
logically with other components in addition to its membrane-bound 
oxidase and reductase partners from the electron transfer chain. Sul­
fite oxidase, which contains molybdenum and a cytochrome �5-type heme, 
reduces ferricytochrome £ in the mitochondrial intermembrane space 
(20, 24). Cytochrome£ peroxidase (51, 52) is a 34,000 dalton 
heme protein found in aerobically grown yeast. In the presence of 
hydrogen peroxide, it oxidizes ferrocytochrome c. Further, it has 
been suggested that cytochrome£ shuttles electrons between the outer 
and inner membranes of mitochondria (53). In this proposal, cyto­
chrome c is reduced by a cytochrome �5 which is part of an NADH oxi­
dation system located at the outer membrane and oxidized by cytochrome 
c oxidase at the inner membrane. 
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D. Myoglobin 
Myoglobin (1) is a globular oxygen storage heme protein found in 
0 
vertebrate muscle tissue. It is an oblate spheroid, 42 x 42 x 25 A 
(2) and weighs 17000 daltons. It has one heme� (see Figure 2a) lo­
cated towards one side of the molecule in a hydrophobic pocket formed 
by a single peptide chain. The heme is held in position by a single 
covalent bond between a histidine imidazole nitrogen and the iron, as 
well as non-covalent interactions. The sixth position on iron is 
available for bonding dioxygen or other ligands capable of penetrat­
ing the pocket. The overall structure of myoglobin is less rigid 
than cytochrome c. Although the heme in myoglobin is evidently more 
exposed to solvent than that of cytochrome £• 18% vs. 4% (3), the 
perimeter of the myoglobin heme is completely "blocked", or covered, 
by the peptide (4, 5). At neutral pH myoglobin has many charged sur-
face groups, which play an important role in intramolecular electro­
static stabilization of the tertiary structure (2, 6). Sperm whale 
myoglobin has an isoionic point of 8.2 (6) and carries a net excess 
charge of +2 at pH 7 (2, 6). 
Although not thought of usually as an electron transfer protein, 
myoglobin can undergo a reversible one-electron process: 
ferrimyoglobin + e- � ferromyoglobin (7) 
The formal potential at pH 7 is 46 mV (7). t1yoglobin can bind oxygen 
only in the reduced state, for which the iron has a high-spin config­
uration. When in the oxidized form with water occupying the sixth 
ligand site, the situation is a mixture of high-spin and low-spin fer-
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ric states (1). In the absence of oxygen, oxidized myoglobin is usu­
ally referred to as the met-form (met Mb ) and reduced is the deoxy­
form ( deoxy Mb) . 
Homogeneous redox reactions involving myoglobin and small reagents 
evidently proceed generally in a different manner compared to those 
of cytochrome£· The sixth ligand position on iron appears to play 
an important role. Inner sphere electron transfer at this site is 
the favored mechanism for deoxy Mb oxidation by alkyl halides (8) and 
met Mb reduction by dithionite (9, 10). However when met Mb deriva­
tives with n-ligands are reduced by dithionite, electron transfer 
appears to be through the ligand (9, 10). Although outer sphere elec­
tron transfer mechanisms do not seem to be operative with myoglobin, 
the data are not as extensive as with cytochrome£· 
Finally, the similarity between myoglobin and its tetrameric oxy­
gen-transporting relative, hemoglobin, is noted. Redox behavior of 
these two is expected to be qualitatively similar although more 
complicated for hemoglobin with four redox centers. Like myoglobin, 
hemoglobin is not usually considered to be a physiological redox pro­
tein. However, there appears to exist a hemoglobin reductase which 
catalyzes the reduction of methemoglobin in erythrocytes (11-13). Up 
to 0.5% of the total hemoglobin in erythrocytes is reportedly oxidized 
daily by oxygen (11). 
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E. Electrodes, Membranes, and Aqueous Interfaces 
Structural aspects of charged metal/aqueous and metal oxide/aque­
ous electrode interfacial regions are described in this section. Cer­
tain details specific to gold and to tin oxide and indium oxide elec­
trodes are given. Also described is the aqueous interface formed at 
biological membrane surfaces. Although these interfaces are signifi­
cantly different among themselves in certain respects, the two elec­
trode interfaces can be utilized as models for membrane interfaces. 
This assertion rests on two physical features which are common to all 
three interfaces: 1) they are electrically charged, and 2) the water 
molecules adjacent to each solid phase are in a more highly ordered 
state than are those in bulk water. With regard to the kinetic re­
sults presented in this dissertation, these interfacial structures 
are important, first of all, for providing the basis for a detailed 
mechanistic description of biological molecule electron transfer re­
actions at electrode surfaces, and secondly for evaluating the advan­
tages and limitations of electrode interfaces as models for membrane 
interfaces. 
l. Metal Electrodes 
The interface formed at a metal electrode surface in an aqueous 
electrolyte has been the object of much attention for several decades 
(l-3, 8), particularly with respect to mercury but more recently with 
growing attention to solid electrodes (4-8). Many aspects of the 
metal/aqueous interfacial structure remain controversial. The molecu­
lar model shown in Figure 4 represents numerous current views 
and will be used for subsequent discussion. Historically, it was the 
Gouy-Chapman-Stern model, developed in the second and third decades 
of this century, which provided the fundamentally correct electrical 
Figure 4. Proposed electrode/solution double layer structure 
(adapted from reference (8), p. 9). 
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double layer model still used today. The term "double layer" has per­
sisted and today is often used to denote the entire charged interfaci­
al region as an entity, rather than just the simple, ideal situation 
of two layers of separated charge (3). 
When a potential is applied to a metal electrode, excess charge 
collects at its surface. If negatively charged, the excess consists 
of an extremely thin layer of electrons at the metal surface. This 
sheet of charge is the metal side of the electrical double layer. 
Charged electrolyte species will interact electrostatically with this 
metal surface charge and a plane or sheet of charge opposite in sign 
will arise in the solution adjacent to the electrode. This is the 
solution side of the double layer, also known as the Helmholtz region 
or layer. In the simplest approximation, the double layer acts as a 
parallel plate capacitor. The electrical potential profile, which de-
termines the field, is shown in Figure 5a. Most of the potential 
drop occurs linearly across a narrow, ca. 3- 5 �. zone extending ap-
proximately to the outer Helmholtz plane (see below ) and the field 
strengths in this zone are in the neighborhood of 107 V/cm (3). Ex-
tending outward into bulk solution is then the diffuse layer, in which 
the remaining potential drop changes exponentially. The diffuse layer 
is relatively small and unimportant in concentrated electrolytes, but 
shoulders progressively more of the total solution voltage drop as the 
ionic strength decreases. In dilute electrolytes, the diffuse layer 
0 
extends perhaps as far as 100 A into solution ( 14). 
Considering the molecular model of Figure 4, three major compon­
ents of the solution side of the double layer can be discerned: water 
molecules, non-specifically adsorbed hydrated ions, and specifically 
adsorbed ions. In the absence of specific adsorption, a relatively 
complete monolayer of water molecules is generally thought to reside 
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Figure 5. Potential-distance profiles for electrode/solution inter­
faces showing the effect of changing the bias voltage by 
6E. a) Metal electrode. b) Intrinsic semiconductor elec­
trode. 
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next to the metal (3,5). Since the metal is charged and water mole­
cules are electrical dipoles, there will be preferred orientations 
for them. In the simplest view, the dipoles can be oriented normal 
to the field, with one of two possible positions. Unfortunately, the 
real structure of water at charged metal surfaces is exceedingly more com­
plex than this two-state model and this issue has not been settled. Other 
than simple dipole-charge interactions, one must also consider later­
al dipole-dipole interactions between water molecules, dipole image 
forces which arise in the metal electron cloud, water-water chemical 
interactions such as hydrogen bonding, and water-metal chemical inter­
actions (3,5). In this situation, as well as those in other inter-
facial structures, the general physical need is to balance Boltzmann 
thermal effects against both electrostatic and chemical interactions. 
According to Conway (5) the resulting water layer formed at metal 
electrode surfaces is one or two molecular layers thick, i.e.,�· 4-
0 
5 A, within which properties different from those associated with bulk 
water are present. 
In electrochemical systems, electrolyte ions are present to 
carry current through the solution phase. For many electrochemical 
systems, these ions are non-specifically adsorbed at the electrode 
surface, retaining their primary hydration sheaths, as shown in Fig­
ure 4. The plane containing the time-average centers of the inner­
most hydrated ions is known as the outer Helmholtz plane (OHP). Elec­
trostatic attraction to the oppositely charged metal is the major 
reason for their residence at the OHP. Other forces, however, can 
play important, although lesser, roles as well. Clearly, for example, 
there will be important chemical and dipole interactions between water 
molecules which belong to the ion hydration sheaths and those oriented 
by interfacial forces as discussed above. The problem can be viewed 
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as the interaction between a giant ion -the electrode- with its hydra­
tion sheath and the individual electrolyte ions with their respective 
hydration sheaths. 
The third solution species of the double layer, the specifically 
adsorbed ion, also known as the contact adsorbed ion, has been inves­
tigated widely during the last two decades (3, 6). This type of ion 
has the ability to penetrate the water structure at the interface 
while shedding its hydration sheath and adsorb directly onto the 
electrode metal. Generally, ions which have loose hydration sheaths, 
e.g., iodide, are more likely to contact adsorb onto the metal. Al­
though specific adsorption can occur when the electrode and the ion 
are like-charged, the attraction becomes, not surprisingly, stronger 
as charge differences increase. Chemical interaction between the 
metal and the dehydrated ion is also important for understanding con­
tact adsorption. Again, therefore, a number of forces collectively 
determine the extent and importance of this particular interfacial 
feature. These can be conveniently grouped as ion-metal, ion-water, 
and metal-water interactions (3). The plane which contains the cen­
ters of specifically adsorbed ions has been termed the inner Helm­
holtz plane ( IHP ) . The presence of specifically adsorbed ions can 
affect electrode reactions through severe alteration of the potential 
drop profile across the double layer as well as by modifying the in­
terfacial molecular structure and its resulting physicochemical inter­
actions with electroactive species. 
A final feature of metal/aqueous interfaces germane to this dis­
cussion is the "potential of zero charge", or pzc (2, 3, 7). For a 
particular metal in a particular electrolyte solution, there will be 
a unique potential for which the charge on the electrode is zero. This 
is the pzc. For potentials negative of the pzc, the metal surface 
44 
will carry an excess negative charge and the solution region of the 
double layer will correspondingly contain excess positive charge. The 
reverse situation will prevail for potentials positive of the pzc. 
The value of the pzc depends on the state of the metal surface, e.g., 
chemical identity, single crystal or polycrystalline, etc., and the 
particular composition of the electrolyte, especially if ions which 
specifically adsorb are present. It plays an important role with re­
gard to electrode reactions. From the preceding description of the 
double layer, the crucial role of the pzc in determining the charge 
distribution and therefore the molecular structure in this region is 
evident. Strong electrostatic effects would also be expected for 
charged electroactive species. A positive species, for example, would 
be expected to react faster at an electrode carrying a negative charge 
than at one carrying a positive charge, ignoring all complications. 
Unfortunately, the acquisition and interpretation of pzc data at 
solid electrodes is not routine (8). The values reported for gold ex­
hibit wide variation after accounting for differences in electrolyte 
composition (9). For neutral electrolytes which lack ions known to 
be strong contact adsorbers, the pzc for polycrystalline gold appears 
to be ca. +0.18 V (9). Specific anion adsorption shifts the pzc to 
more negative values. 
Another feature of the gold/aqueous interface which is of interest 
concerns its hydrophobic/hydrophilic nature. Apolar materials general­
ly give rise to the hydrophobic effect when exposed to or dissolved in 
water. The physical manifestation which results is that the water im­
mediately adjacent to such a material ·takes on a clathrate or ''ice­
like" structure (10, 11). Hydrophilic materials also give rise to 
water structuring, but of a different kind, as exemplified by the 
highly oriented hydration sheaths surrounding numerous dissolved ions. 
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With regard to flat solid surfaces, hydrophobicity can be recognized 
observationally by the "beading" of water while hydrophilic surfaces 
are easily "wetted". Grossly conflicting results from numerous stud­
ies of gold electrodes have been recently discussed and experimentally 
resolved by Smith (12), who has unequivocally demonstrated that a 
"clean" gold surface is hydrophilic. Exposure to ambient laboratory 
atmosphere, however, was found to rapidly contaminate the surface 
such that it then behaved hydrophobically. Gaines (13) has subsequent-
ly provided supporting evidence for this assessment. 
2. Metal Oxide Semiconductor Electrodes 
Metal oxide semiconductor electrodes (14, 15) have some general 
features in common with metal electrodes but also differ significant­
ly in many ways. Semiconductors, first of all, are materials with 
electrical conductivities intermediate between conductors such as 
metals and insulators such as silica. Typical charge carrier densi­
ties for metals and intrinsic semiconductors are ca. 1022 and 1015 
electrons/cm3, respectively (16). Through the addition of impurities, 
i.e., doping, the charge carrier density, and hence the conductivity, 
of an intrinsic semiconductor can be increased. The fluorine doped 
tin oxide and tin doped indium oxide electrodes used in this work are 
heavily doped with charge carrier densities of�· 1020 electrons/cm3 
(17). These materials bridge the conductivity gap between conductors 
and typical semiconductors and have been variously termed quasimetals 
or degenerate semiconductors (14). 
When considering semiconductor materials as electrodes (14, 15, 
18, 19) some sharp differences exist in comparison to metals. Figure 
5b indicates how the electrical potential can vary across a semicon-
ductor/aqueous interface. In addition to the potential drop which can 
extend a significant distance into the solution phase, a potential 
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drop also extends significantly into the electrode. This latter po­
tential drop is phenomenologically similar to the solution "diffuse 
layer" and the region through which it occurs is known as the "space­
charge region". It results from the low density of charge carriers 
in the semiconductor lattice. In metals the excess electrode charge, 
controlled by the applied potential with respect to the pzc, is local­
ized at the surface and is the predominate factor in structuring the 
adjacent solution layer. In contrast the excess charges in a semi­
conductor electrode are distributed below the surface in the space­
charge region and have considerably less influence on the solution 
side of the double layer. For an intrinsic semiconductor, the thick­
ness of the space-charge region is on the order of 1000 A (14). In­
creasing the charge carrier density decreases this thickness, just as 
increasing ionic strength decreases the thickness of the solution 
diffuse layer. Typical metals can be considered as a limiting case, 
with a space charge layer thickness of essentially zero (3). 
Referring again to Figure 5b, it is seen that any change in the 
measured potential between the bulk semiconductor and the bulk solu­
tion does not appear across the solution side of the double layer, as 
for metals, but rather it appears across the space charge region of 
the semiconductor, for reasons given above. 
Differences between semiconductors and metals are also accentu­
ated by considering the energy levels occupied by electrons within 
each (14). According to the band theory for solid-state lattices, 
outer-shell electrons from the constituent lattice atoms can reside 
in allowed energy states which, for all practical purposes, appear as 
bands of finite energy widths. For a typical intrinsic semi-conduct­
or, the situation is as shown in Figure 6. By analogy to molecular 
orbitals, the valence band corresponds to the highest bonding MO and 
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Figure 6. Band model for semiconductors. Energy levels shown are: 
Ec, the conduction band edge; Ev. the valence band edge; 
Eg. the band gap; Ef int• the Fermi energy for an in­
trinsic semiconductor ; Ed, donors in n-type semiconduct­
ors; Ea. acceptors in p-type semiconductors. 
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the conduction band to the lowest unoccupied MO, or the lowest anti­
bonding orbital. The bands are separated by an energy Eg, the band 
gap. If Eg is not too large, thermal fluctuations will partially 
populate the conduction band and the material is a semiconductor and 
will be able to conduct electricity. The Fermi energy level, Ef, for 
an intrinsic semiconductor is located midway between the bottom of 
the conduction band and the top of the valence band. Ef is defined 
as the electronic energy level for which the probability of being pop­
ulated is l/2. Also indicated in Figure 6 are the Fermi levels for 
typical doping with electron-donating dopants, resulting in n-semi­
conductors, and for electron-accepting dopants to yield p-semiconduct-
ors. 
Fermi levels for metals and semiconductors, although defined ex-
actly the same, are located differently with respect to the bands. In 
a metal the Fermi level is found within a band, due to valence band/ 
conduction band overlap or because the valence band is only half-
filled, as with Na and Zn. As seen in Figure 6, however, the Fermi 
energy is located within the band gap of semiconductors, a region where 
the population of electrons is ideally zero. This has important conse­
quences for interfacial charge transfer because the actual electrons 
involved in the transfer must have energies of�· Ef (14). This pre­
sents no problems for metals since the density of electrons with ener­
gies of�· Ef is high since Ef is located within a band. For semi­
conductors, though, an electron normally cannot transfer from or to an 
electron state with energy Ef since there are ideally no states in the 
band gap. In fact charge transfer involves either electrons in the 
conduction band or holes in the valence band. The proper energy levels 
for electron transfer are attained through the phenomenon of band bend­
ing in the space-charge region below the surface of the semiconductor 
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electrode (14, 15, 18, 19). Because of the low density of carriers, as 
well as the need to suitably overlap either the conduction band or the 
valence band with electronic states in solution, semiconductor electrode 
currents are often limited by charge carrier availability in the elec­
trode itself. This complication does not exist for metals. 
One other important feature of semiconductor electrodes is termed 
"surface states," which are defined as "electronic energy levels of the 
solid that are localized at the surface" (14). More descriptively, 
these states are orbitals localized at the surface which can donate or 
accept electrons from the bands of the semiconductor. They can have en­
ergies different from the valence band and conduction band electrons of 
the bulk semiconductor. Often these energies fall within the forbidden 
band gap and new allowed energy bands can arise at the surface. Some de­
generate semiconductors, all of which behave in a quasimetallic fashion, 
derive their conductivity from a heavy population of surface states in 
the band gap. In such a case, the Fermi energy is then located in an 
energy region which is significantly populated (14). 
There are several sources of surface states. Surface heterogeneity 
is a very important one, leading to surface sites which are chemically 
and electronically active. Exposed crystal face boundaries of poly­
crystalline materials, as well as steps, kinks, and other dislocations 
are well-known forms of surface heterogeneity. Surface states which 
can arise on uniform, as well as heterogeneous, surfaces include intrin­
sic states, Lewis sites, and states resulting from specific adsorption. 
Intrinsic states result from the fact that lattice atoms at a surface 
have fewer bonds than a bulk atom, and surface electrons associated with 
these sites will have higher energies. Lewis sites are associated with 
surfaces of ionic solids and can react in an acid/base fashion with so­
lution components ( see next paragraph ) . Strictly, Lewis sites are not 
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surface states since they do not exchange electrons with the semiconduct­
or bands (14). However, as described below, they can be the controlling 
factor in determining the double layer potential profile. Surface states 
associated with adsorption are very similar to the previously discussed 
specific ion adsorption with regard to metal electrodes. 
Surface states can exert significant effects on semiconductor elec­
trode reactions for several reasons (14). As suggested above, the double 
layer charge and potential profiles are influenced substantially by 
charges associated with surface states. Specific adsorption of species 
such as ions usually depends on the existence of suitable surface sites, 
a requirement corresponding to the ion-metal interaction previously dis­
cussed for metal electrodes. Surface states can also act as intermedi-
ates in electron transfer between the semiconductor bands and solution 
species. 
Metal oxide semiconductor electrodes are particularly interesting 
when immersed in aqueous electrolytes because of the acid/base reactions 
(see above) which ensue at their surfaces. Hydroxyl groups which belong 
to surface metal atoms play a predominate role in these reactions and in 
the charge distribution at the interface. The pertinent equilibria ex­
pressions can be given as (15, 20): 
+ """- /OH ........._ /o-.........._ /OHz � � (8) �� / �1""'- �1 / ..........._OH 
� 
OH � / ..........._OH 
pH 
< 
pHpzc pH = pHpzc 
pH > pH pzc 
where )M designates a metal atom exposed at the surface. The net sur­
face charge, os, is therefore controlled predominately by solution pH 
and can be expressed as (21): 
( 9) 
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where Z+/Z_ are the signed magnitudes of charged surface sites, and 
r+jr_ are the respective surface densities. For a particular metal 
oxide phase in the absence of specific adsorption of other ions, there 
will be a pH for which crs = 0, i.e., no excess surface charge. This 
has been termed the zero point of charge, or zpc (15, 21), and will 
be designated herein as pH to avoid confusion with the metal pzc, zpc 
which is a potential. At the pHzpc the number of protonated and de-
protonated sites are equal. If solution pH is shifted to the basic 
side of the pHzpc' an excess of negative charge will arise at the sur­
face from net deprotonation of hydroxyl groups. Conversely, a posi­
tive surface charge results from a solution pH acidic of pHzpc For 
the more general case which includes specific adsorption of other 
ions, the situation leading to zero excess surface charge is again de-
fined by crs = 0. The corresponding pH in this more general case is 
termed the isoelectronic point (IEP) or the point of zero zeta poten-
tial (PZZP) (14). 
The charge and potential profiles extending from the surface of a 
metal oxide into an aqueous solution are thus controlled predominate-
ly by solution pH. As a result of the surface charge layer, another 
layer of opposite charge consisting of hydrated ions will collect at 
the OHP. This potential distribution will be modified if electrolyte 
ions are present which specifically adsorb onto the oxide surface. 
For a metal oxide semiconductor electrode immersed in an aqueous 
electrolyte and subjected to an external voltage bias, the situation 
in the interfacial region is complicated. The charge and potential 
profiles across this region will depend on many factors. Doping 
levels and/or the degeneracy of the semiconductor material will affect 
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the nature and thickness of the space-charge region. This in turn 
will influence the manner in which potential changes appear in various 
regions of the double layer. At carrier densities approaching those 
of intrinsic semiconductors, voltage changes would appear almost en­
tirely across the space-charge region. As carrier densities increase, 
the space charge region grows thinner and part of the potential change 
would appear across the solution side of the double layer (14). In 
the limiting case of metals, all of the potential change appears in 
the solution. Solution pH, with respect to the pHzpc' has been shown 
to control ionization of surface metal hydroxyls which, in the absence 
of other factors, controls the surface charge. There may also be 
specific adsorption of ions from solution, and this too can depend on 
pH and surface charge influences. And finally, the existence of other 
intrinsic surface states may also be an important factor. 
The resultant electric field arising from the double layer charge 
distribution can significantly influence electrode reactions involving 
charged or polarizable species. The molecular structure of the double 
layer is also expected to influence many electrode reactions through 
chemical and localized electrostatic interactions. Although surface 
states or groups can be important in this regard, they vary from sys­
tem to system and are often difficult to characterize (3). However, 
an oriented solvent layer next to the surface is a feature common to 
metal oxide phases. According to Conway (5), this region consists of 
an essentially immobile inner monolayer of water molecules overwhich 
are perhaps three more molecular layers of decreasing orientation. 
Beyond this somewhat artificial boundary, typical bulk water proper-
ties likely prevail. One model for the primary hydration of silica 
is shown in Figure 7. Compared to hydration layers on metals, those 
on oxides are probably more extensive and more highly oriented (5). 
In addition to this normal hydration, there is also the possibility 
of internal hydration of metal oxides, i.e., a gel layer extending 
into the solid phase. The most well-known oxide gel layer is that 
associated with the standard pH electrode although the phenomenon is 
also important with many other oxides (23). 
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Of the two metal oxides used in this work, tin (IV) oxide is con­
siderably better characterized than indium (Ill) oxide. Interfacial 
properties of pure tin oxide powders in aqueous solutions have been 
investigated (15, 21, 24-26) with regard to pH and electrolyte compo-
sition. Fundamental investigations of doped tin oxide electrodes have 
also been reported (17, 20, 27-35). Vacuum electron spectroscopy has 
been used to investigate tin oxide surfaces, e.g., see (36). 
For pure tin oxide powder the pHzpc has been given as 5.5 in 0.1 -
1.0 �1 KNOJ (15, 24). Evidence for specific ion adsorption Oi1 powders 
or electrodes has been reported for the halogens chloride (25, 28), 
bromide (31), and iodide (32),for the divalent cations MgH, Ca2+, 
Ba2+, and Sr2+ (20) and for the monovalent cation K+ (25). Nitrate 
and perchlorate do not specifically adsorb (25). 
When doped (n-type) and used as an electrode material, tin oxide 
exhibits a wide useable potential window of ca. 2 V (17). It is a 
polycrystalline material and has been successfully doped over several 
orders of magnitude of charge carrier density (17, 29, 33). At very 
Figure 7. Silica hydration. (a) is a non-hydrated, "hydrophobic" 
silica surface, (b) is a hydrophilic, or hydroxylated, 
form after stoichiometric hydration, (c) represents the 
structure resulting from adsorption of additional immo­
bile water on the hydroxylated surface. (Adapted from 
reference (5)). 
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high doping levels, the electrode behaves much like a metal due to its 
high conductivity (14). Some authors have observed that the hydration 
character of tin oxide electrodes can be influenced by the applied 
vo1tage (31, 32). 
In comparison, little information exists for indium oxide. As an 
electrode material, it appears to behave in most respects like tin 
oxide (17). Heavily doped indium oxide and tin oxide have both found 
favor as practical working electrodes, especially in spectroelectro­
chemistry. Their popularity can be attributed to wide useable po­
tential windows of ca. 2 V width, high conductivity leading to nearly 
metallic behavior, and ease of use as optically transparent elec­
trodes. 
3. Biological Membranes 
The situation upon turning to biological membranes and their in­
terfaces appears at first different. Biomembranes (37, 38) are two­
dimensionally extended structures of some finite thickness, typically 
ca. 100 �- They are formed mostly from amphiphilic molecules, typ­
ically phospholidids, and proteins. The lipid molecules give the mem­
brane its characteristic two-dimensional appearance. In aqueous en­
vironments, the long hydrophobic tails of the lipids are found in the 
interior of the membrane while the charged head groups face outwards, 
as shown in Figure 8a for the artificial "black lipid membrane". 
Real membranes are considerably more complex than this as they 
also include significant amounts of protein as well as other com­
ponents. Figure 8b is a common mosaic model for a biomembrane showing 
the incorporation of protein masses into the bilayer lipid structure. 
Membrane-associated proteins are often classified operationally as 
Figure 8. Membrane models. a) Black (or bimolecular) lipid mem­
brane (adapted from reference (37), p. 136). b) Lipid­
globular protein mosaic model (adapted from White, A.; 
Handler, P.; Smith, E. L.; Hill, R. L.; Lehman, I. R., 
"Principles of Biochemistry," 6th edition, McGraw-Hill, 
New York, 1978, p. 303). 
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integral or peripheral, with the proteins of Figure 8b being of the 
integral type. They are partially embedded in the membrane presuma­
bly through hydrophobic interactions, but they also generally have pro-
truding ionic sections. To extract integral proteins from a membrane, 
detergents are generally required in order to disrupt the membrane. 
Peripheral proteins, on the other hand, are held to the surface of the 
membrane by weaker forces and can be extracted without membrane dis-
ruption. The relative amounts of membraneous lipid and protein var­
ies greatly from one membrane to another. As a % of the membrane 
mass, protein content can vary from 20 to 90% while lipid can vary 
from < 10% to ca. 75% (39). The mitochondrial membrane contains 75% 
protein and 25% lipid (39). 
Because of the surface layer of ionic head groups situated on each 
side of a bilayer membrane, an electrical double layer will arise 
(40-43). This double layer has the characteristic features of other 
charged interfaces, including electrode/aqueous ones. Because of the 
sheet of charge at the surface, an oppositely charged sheet of count-
erions will arise close to the membrane surface, corresponding rough-
ly to an outer Helmholtz plane. Potential drop is likely to be abrupt 
0 
and linear in the few Angstroms of solution next to the surface. Ex-
tending into solution is a diffuse layer with exponentially changing 
potential. 
In the absence of electrical unbalancing forces, an ideal artifi-
cial bilayer membrane will exhibit electrical symmetry about a plane 
parallel to and midway between its two surfaces; the electric field at 
the midplane will be zero {44). Biomembranes, however, exhibit asym-
metry in the form of a potential drop across the entire membrane. 
A second important structural feature common to both electrode/ 
aqueous and biomembrane/aqueous interfaces is the oriented layer of 
water adjacent to the solid phase surface. Considerable attention 
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has recently been directed towards understanding the state(s) of water 
in biological systems (5, 45-49). Much of this effort has been con-
cerned with the special structuring and ordering of water molecules 
adjacent to solid and membrane surfaces. That considerable disagree­
ment exists with regard to this matter is not surprising in light of 
the considerable disagreement which still exists with regard to bulk 
water structure (5, 50). Although the question of the structure of 
membrane interfacial water, also known as vicinal water, is unsettled, 
much information is available. From Hauser's review (51 )  of lipid/ 
water interactions, it appears that bilayers of phospatidylcholine, a 
widely distributed phospholipid, are hydrated to the extent of ca. 24 
mol HzO/mol 1 ipid. Of these, �· 12 are "bound" molecules belonging 
to the main hydration shell while the other 1 2  are "trapped" molecules 
which have motional characteristics closer to bulk water molecules. 
Within the main hydration shell, an "inner" hydration shell of "tight­
ly bound" molecules has also been delineated. Values for this region 
range from 1 to 6 mol HzO/mol lipid and are dependent upon the physi­
cal method used. The hydration shells are thought to be centered on 
the phosphate group of the lipid (51). 
From the hydration numbers given in the preceding paragraph a 
rough value of the thickness of the hydration layer can be determined 
as follows. The average packing of phospholipid head groups has been 
0 
given as 50 A2/polar group (52). An average area of 10 A2/water mole· 
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cule can be calculated from the molarity of bulk water,�· 55 M. As­
suming a planar surface with uniform hydration, 5 mol H20/ mol lipid 
would then correspond to one molecular solvent layer. Therefore, hy­
dration of 24 mol H20/mol lipid (51) suggests a total hydration layer 
of 4 - 5 molecular layers, beyond which bulk water exists. This value 
is quite similar to that previously given for metal oxide surfaces, 
approximately 4 (5) . The concept of an inner layer of "immobile" (5) 
or "tightly bound" (51) water molecules is also common to both inter­
faces. 
To summarize, aqueous interfaces formed at membrane and electrode 
surfaces are qualitatively similar in two important regards. First 
of all, they are both charged, and secondly, they both contain ionic 
hydration regions. As noted earlier, important differences also ex­
ist between electrode and membrane interfaces, and several are noted 
here. Membrane surfaces are not uniform, as they contain many protein 
complexes. When considering electron transfer reactions involving 
membrane bound protein complexes, the most important interfacial re­
gion is likely to be the protein/aqueous one rather than the phospho­
lipid one. Unfortunately, the structures of membrane-bound protein 
complexes are but poorly understood for the most part (38). However, 
the exposed sections of these complexes are generally ionic in nature 
(38), and the existence of associated electrical double layers and 
significant hydration layers should be expected. In contrast to 
electrode surfaces then, a biomembrane will exhibit a less uniform 
two-dimensional structure and consequently less uniform electric 
fields and hydration zones, almost of a patchwork nature. 
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When a biological electron transfer molecule interacts with a mem­
brane-bound physiological redox partner, some very specific chemical 
interactions of an enzymic nature undoubtedly take place between them. 
At an electrode surface there will naturally be significantly less, 
if any, of this type of interaction. On the other hand, when a mem­
brane-bound electron transfer complex is extracted and utilized as a 
homogeneous reactant, the two-dimensional membrane structure is lost, 
as is the case for any homogeneous reactant. "Uniform" e 1 ectrode sur­
faces, therefore, although lacking the precise chemical recognition 
features of membraneous electron transfer complexes, can provide in­
sight into interfacial physical and chemical properties which may also 
be important for the physiological situation. 
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F. Direct Electrochemical Reduction and Oxidation of Heme Proteins 
Electrodes can be used directly or indirectly to reduce or oxidize 
redox proteins. With direct, or heterogeneous, reduction/oxidation, 
the electron transfer of interest occurs in the electrode/solution in­
terfacial region. With indirect, or mediated, reduction/oxidation, a 
second molecule ( the mediator ) is used to transport the electron be-
tween the electrode surface and the protein species in the solution 
phase. The electron transfer involving the protein in the latter case 
is thus of a homogeneous nature. These two processes can be repre-
sented as follows: 
Direct: 
Indirect: 
P 
+ ne ox 
M + ne ox 
Mred + pox 
electrode 
electrode 
+ 
p d re 
( 1 0) 
( 11 a ) 
( 11 b ) 
where P denotes the protein molecule and M denotes the mediator. Med­
iators are generally small redox molecules which are able to exchange 
electrons rapidly with both the electrode and the protein. 
Although the literature of this section and the work described in 
this dissertation are concerned with direct electron transfer proces­
ses, it is useful to briefly consider both of these approaches. Uirect 
electron transfer studies afford data of a heterogeneous nature. The 
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objective is usually to explain rates of electron transfer in terms 
of the molecular structures and physicochemical properties of the pro­
tein and the charged electrode/solution interface. If a protein can 
be reduced and oxidized directly in an electrochemically reversible 
experiment, i.e., no apparent kinetic influences, then thermodynamic 
(E0') and stoichiometric (n) quantities are obtainable. Examples of 
electrochemically reversible electrode/protein systems are, however, 
rare. 
Mediated electrochemical reduction/oxidation of proteins has been 
used to obtain E0' and n values, which are equilibrium measurements, 
as well as homogeneous electron transfer rate constants for reactions 
between proteins and mediators, which are transient measurements. 
In early potentiometric studies of proteins, mediators were found 
to be necessary because of extremely sluggish electromotive behavior 
in their absence. Clark (1) has discussed this early work which dates 
back to at least 1923. From the 1920's to the 1960's potentiometric 
electrodes were employed with mediators to measure E0' and n values 
for proteins, especially cytochromes, myoglobin, and hemoglobin (1). 
It was clear during this time that direct electron transfer between 
electrodes and proteins did occur but only at very slow rates (1 ,2). 
The use of mediators continued with the advent of voltammetric and 
spectroelectrochemical studies of proteins during the 1970's (3-7). 
It was believed that direct electron transfer between redox proteins 
and electrodes was generally slow, due most likely to the insulating 
properties of the protein sheath surrounding the electroactive pros­
thetic group. 
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In the meantime, however, scattered reports concerned with direct 
electrochemical reduction of redox proteins had begun to appear. Kono 
and Nakamura (9) in 1958 reported essentially quantitative bulk reduc­
tion of a cytochrome£ sample using a platinum electrode. However, 
unless large reduction overpotentials were applied, at least several 
tenths of a volt in magnitude, rates of reduction were found to be 
very slow. This observation was in accord with earlier potentiometric 
work mentioned above. Very rapid reduction was observed, however, 
with potentials more negative than -1.2 V, but hydrogen is also evolv­
ed significantly at such potentials and some sample degradation was 
noticed (9). It was then not clear if reduction of the cytochrome£ 
heme was proceeding mainly by electron transfer or by a hydrogen atom 
process. 
In 1966 Griggio and Pinamonti (10) published a report concerning 
the one-electron reduction of cytochrome £at a dropping mercury elec­
trode. Although not extensive, their results clearly demonstrated the 
viability of polarographic studies with regard to redox proteins, an 
approach thought by some to be unworkable (8). At the dropping mer­
cury electrode (DME), cytochrome£ was found to give a d.c. reduction 
wave with E112 of ca. -0.10 V. This value corresponds to an overpo­
tential of ca. -0.36 V, clearly an electroche�ically irreversible pro-
cess. 
Further voltammetric studies of protein reduction/oxidation with 
emphasis on the electron transfer mechanism began to appear in the 
early 1970's, a time which can be considered as the beginning of a 
sustained and continually growing interest in this subject. The early 
years of that decade witnessed almost exclusive use of mercury elec-
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trades and polarographic techniques to study the electron transfer 
properties of cytochrome c, myoglobin, hemoglobin, and other proteins. 
Solid metal electrodes were also employed then but with limited suc­
cess, as was the case with earlier investigations (1, 2, 9) . However, 
in 1977 three types of solid electrodes which catalyzed protein elec­
tron transfer rates were reported. Yeh and Kuwana (11), using doped 
indium oxide and tin oxide semiconductor electrodes, and Eddowes and 
Hill (12) , using a gold electrode with 4,4'-bipyridine adsorbed at 
the interface, achieved success with cytochrome �- Landrum et al. 
(13) demonstrated enhanced rates of electron transfer with spinach 
ferredoxin at a gold electrode which had been electrochemically modi­
fied with 1,1 '-dimethyl-4,4'-bipyridinium dichloride. 
Table I is a compilation of the literature which addresses the 
phenomenon of direct electrochemical reduction/oxidation of heme pro­
teins. References in which heterogeneous electron transfer rate para­
meters appear are underlined. Taken together, these studies point to 
the importance of protein structure, electrode material, and solution 
conditions as important determinants of electron transfer rates. The 
following discussion of this literature is presented according to pro­
tein structure. Cytochrome �,is addressed initially, first with re­
spect to mercury electrodes and then solid electrodes. Subsequent sec­
tions address other cytochromes, myoglobin and hemoglobin, peroxidase 
and catalase, and non-heme proteins. 
1. Cytochrome� of Mercury Electrodes 
In 1972 Betso et �- (14 ) published the first detailed investiga­
tion of the polarographic behavior of cytochrome �· afterwhich numer-
TablP 1. L itPraturp Sumnary for lntPrfacial Electrochemical Studies of Proteins• 
�
e 
p Hg Hg/llu Ag Au c Hi Pt Si ln2o3 Sn02 llu/bip
b 'fVf1Gc 
orwl 
(llu, Pt, Si) 
' 
Cytochrome E_ 10, 14-!1_, 32 33 12. 32. 26 9' 14. 27. 46 11, �. 11. 35, 12. 38, 35, 36, 44, 46 
20-27. 38. 40, 32. 46, t .... 36, J7. 39-43 45.82"-
28-JT 46, 76. t .... c ... - -- --
t.w.e 
Cytochrome c, 48, �-54 53. 55 47 56 
Cytochrome c, 57 
Cytochrome cd, 34 
Cytochrome bs 26 
Cytochrome P-450 26, 58 58 
11yoglobln 14a, 15-19, t.w. 44, 45, 62, 
21, 24, 59, 
- - bJ, I!J. 
60 t."w. 
Hemoglobin 15-19, 21 
24. 25. 59. 61 81 
Peroxidase 24. 32. 64. 65 I 
Catalase 24. 65 i 
--- ____ j-
a. llumb�rs refer to r�fer�nces at the end of this �ectlon. Underlined references Include heterogeneous electron transfer rate constants. 
b. Gold/4,4'-blpyrldlne and gold/1,2-bis(4-pyrldyl)ethylene surface modified electrodes. 
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ous reports appeared, mostly from the research groups of Scheller (15-
21), Kuznetsov (22-26), and Haladjian (27-29). Several models have 
been advanced, but a consensus with regard to the electron transfer 
mechanism of cytochrome£ at mercury electrodes does not yet exist. 
It is agreed, however, that significant adsorption of cytochrome£ 
occurs on the mercury surface and that this must have important conse­
quences with regard to electron transfer to freely diffusing molecules 
(14, 20, 25, 27, 30). Two key observations in this respect are: 1) 
the electron transfer kinetics are dependent on cytochrome£ concen­
tration and range from polarographically reversible at low concentra­
tions to increasingly irreversible with rising concentration (14, 16, 
25, 29), and 2) the cytochrome£ diffusion coefficient calculated from 
polarographic currents is anomalously small with respect to non-elec­
trochemically determined values (14, 16, 25). These and other data 
are detailed subsequent to the following descriptions of mechanistic 
models which have been proposed. 
Betso et �· (14) suggested three possibilities for the polaro­
graphic reduction mechanism of cytochrome£· These were: 1) hole 
conduction through the protein fabric of adsorbed molecules, 2) elec­
tron transfer between the mercury surface and the exposed heme edge 
of the adsorbed molecule, followed by its desorption, and 3) electron 
transfer between the mercury surface and the heme edge, followed by 
rotational diffusion of the adsorbed molecule to allow subsequent 
transfer of the electron to a freely diffusing molecule. 
In the model advanced by Kuznetsov et �· (24, 25), a multilayer 
adsorption structure was proposed. The inner monolayer forms first 
and consists of irreversibly adsorbed cytochrome£ molecules which un-
fold and flatten upon adsorption. This layer is thought to have an 
0 average thickness equal to that of a polypeptide chain, �· 10 A. 
Its structure is believed to be porous (24, 25), with the pores ac­
counting for approximately 20% (24) of the electrode surface area. On 
top of the first monolayer of denatured protein are supposedly one or 
more much looser layers consisting of weakly adsorbed native molecules. 
Electron transfer is proposed to occur only in the pores of the first 
monolayer. The electron transfer in this model is proposed to occur 
directly between the mercury surface and a second layer cytochrome c 
molecule which finds itself suitably oriented in a pore as a result of 
translational and rotational diffusion. Net reduction current results 
from desorption of reduced molecules from the pores. 
The model originally advanced by Scheller and coworkers (15, 16) 
also included the concept of an irreversibly adsorbed primary layer of 
deformed cytochrome£ molecules. The deformation was thought to in­
volve partial unfolding of the polypeptide chain to the extent that 
secondary structure, e.g. helices and intrachain bonds, are relatively 
unaffected. Recently it has been suggested that denaturation may not 
be so extensive and that more nearly native conformations may exist in 
this layer (21, 66). Electron transfer was initially proposed to oc­
cur through the individual adsorbed molecules of the first layer via a 
hopping mechanism to intact molecules in looser overlayers (16, 18). 
The concept of pores in the first layer (24, 25) was subsequently 
incorporated into this model of electron transfer (20, 21). With 
this modification charge transfer was proposed to be a superposition 
of both electron transport through adsorbed molecules of the first 
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layer and exchange of native reduced molecules (20, 21). This latter 
process is phenomenologically similar to Kuznetsov's model as it as­
sumes that molecules become reduced in the pores of the first layer 
after which exchange, i.e., desorption and replacement by an oxidized 
molecule, ensues. The idea of electron transport through deformed 
molecules of the first layer remains, however, a distinct difference 
between these two models. With regard to the native cytochrome£ 
structure itself, Scheller and PrUmke (19) have proposed that elec­
tron transfer occurs at the exposed heme edge. 
The recent model proposed by Haladjian et �· (27) bears some re­
semblance to the preceding two but also provides some contrast. They 
propose that the cytochrome£ molecules unfold and flatten following 
adsorption and that this process affords a structure which can be di­
rectly reduced by the mercury electrode. Reduced denatured molecules 
in this inner layer do not desorb. Upon completion of formation of a 
complete inner monolayer, looser overlayers of essentially native 
molecules are then proposed to form. "Electronic exchanges" are said 
to "continue through adsorbed layers ... " (27). This statement evi­
dently means that reducing electrons initially transfer from the elec­
trode to adsorbed inner layer molecules and then to native second layer 
molecules, a process resembling Scheller's original proposal (16, 18). 
From consideration of the numerous rate data which are available, 
it appears that the cytochrome £electron transfer reaction at mercury 
electrodes involves some complex processes. Profound rate changes have 
been observed as a result of altering .the cytochrome£ concentration, 
pH, anion type, ionic strength, and capillary characteristics. These 
data are discussed below, but first the question of adsorption is con-
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sidered since, in one form or another, it is common to all of the 
models. 
In order to fully understand electron transfer from the electrode 
to adsorbed and freely diffusing molecules, questions regarding the 
structure of the mercury/protein/solution interfacial region, the ex­
tent of denaturation of variously adsorbed cytochrome£ molecules, the 
time dependence of adsorption and denaturation, and the influence of 
solution conditions, must be answered. At present these are largely 
unanswered questions. Direct evidence that adsorption of cytochrome 
£on mercury is significant includes: 1) lowering of electrocapillary 
curves in the presence of cytochrome£ (27), 2) failure of mercury 
drops to readily coalesce in cytochrome£ solutions (27), 3) differen­
tial capacitance measurements (15-17, 19, 20), 4) radiochemical meas­
urements (18, 20), 5) film transfer experiments (25, 27), 6) DPP ad­
sorption peaks (28, 29), 7) DPP drop time dependence (28), and 8) in­
vestigations of Brdicka catalytic waves (30, 31, 22, 23). 
The adsorption process appears to occur in at least two stages: 
formation of an irreversibly adsorbed monolayer directly on the mer­
cury, followed by additional adsorption to create one ( or more ) over­
layers. The extent to which surface coverage has proceeded during the 
lifetime of a drop will depend importantly upon cytochrome c solution 
concentration and the drop growth (17). 
Formation of the first monolayer is rapid and chemically irreversi­
ble (16, 17, 22, 23, 27). By measuring the relative decrease in dif-
o ferential capacitance, dC/C., near the pzc, as a function of time, 
Scheller and coworkers (16, 17, 20) demonstrated that the rate of this 
initial adsorption process was controlled by diffusion of cytochrome 
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£to the electrode surface. 
The fact that the process is chemically irreversible has been in­
dicated by differential capacitance (15-17) and radiochemical (18, 20) 
results as well as by film transfer studies (25, 27). This latter 
type of experiment, originally devised by Kuznetsov (23), generally 
involves controlled exposure of a HMDE to a protein solution, 
followed by removal, washing, and re-immersion in a second solution 
for electrochemical studies. If protein molecules adsorb on the HMDE 
strongly enough during the initial exposure, they will resist removal 
by washing and should make their presence known in subsequent experi­
ments. This was found to be true for cytochrome c (25, 27). Desorp­
tion of adsorbed protein molecules was possible only at very negative 
potentials, < -1.7 V (25). 
The cytochrome c concentration which results in initial surface 
saturation, i.e., the point at which formation of the first monolayer 
is complete, has been evaluated by two different methods at the DME. 
Scheller et al. (16, 17, 19) obtained differential capacitance curves 
for a series of cytochrome£ concentrations. For a drop time of 3 s 
in 0.1 M KCl (20) the value of differential capacitance was found to 
depend on concentration only below�· 10 �. above which no further 
effect was noted. This figure was taken as the value corresponding 
to saturation of the mercury surface. Good agreement with this re­
sult was provided by Serre et �· (29), who observed adsorption post­
peaks and adsorption prepeaks in differential pulse polarograms. From 
their data, it appears that surface saturation for a 5 s drop time is 
obtained at�· 5 �M solution concentration in a pH 6 Tris/cacodylate/ 
perchlorate medium since the adsorption postpeak height was dependent 
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on concentration only below this value. Further discussion of these 
adsorption peaks follows later. 
Although, by all accounts, the rate of cytochrome£ adsorption on 
mercury is extremely rapid during formation of the first monolayer, 
the structure of this inner layer remains very controversial. Whether 
or not these molecules are denatured and,if so, to what extent are 
two pertinent questions. The considerable attention which has been 
directed to these questions is reviewed beginning with the next para­
graph. Another important, but largely unaddressed, question concerns 
the time dependence of denaturation. The scanty data which are avail­
able {17, 27-29) suggest to this author that denaturation of cyto-
chrome £and other proteins on the mercury electrode is time-dependent. 
. 
. 
More detailed drop time studies (28) as well as single drop current 
analyses might prove useful in this regard. 
Kuznetsov's work (22, 23, 67) on Brdicka catalytic waves at sta-
tionary mercury electrodes led him to the conclusion that proteins ad-
sorbed directly on mercury are essentially completely unfolded such 
0 
that the first adsorption monolayer has an average thickness of 8-10 A 
(24, 25), essentially the same as that of a single polypeptide chain. 
This finding, however, was obtained using several non-heme proteins 
containing electrochemically visible sulfur groups, which are known to 
interact strongly with mercury and, in fact, give rise to many Brdicka 
waves (30, 67, 68). Cytochrome £• which behaved differently and gave 
rise to only a very weak Brdicka current (22, 23), contains three sul­
fur atoms. Of these, two are cysteine sulfurs involved in covalent 
bonding of the polypeptide chain to the porphyrin structure, and the 
other is the methionine-SO sulfur axially bonded to the heme iron in 
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the native state. Senda and coworkers more recent DME investigations 
(30, 31) concluded that the Brdicka current which is observed with cy­
tochrome c results principally from the heme group and its sixth lig­
and, normally a methionine-SO sulfur. This result suggests that at 
least partial unfolding of the cytochrome fold occurs such that the 
heme is more exposed. It should be noted that Brdicka solutions are 
basic, typically pH 9-10, and the catalytic cytochrome£ currents arise 
at potentials of ca. -1.2 V. Extrapolation of these conditions, as 
well as those results obtained with non-heme proteins (22, 23, 67), to 
neutral-pH cytochrome£ experiments requires caution. 
Denaturation in the primary adsorption layer has also been indi­
cated by Haladjian et �· 's (27) HilDE film transfer experiment. After 
linear sweep electrochemical reduction of an irreversibly adsorbed 
film of cytochrome£ molecules, exposure to air resulted in their re­
oxidation as verified by subsequent cyclic voltammetry. Native cy­
tochrome c molecules are not oxidizable by dioxygen (73). Although 
this experiment definitely shows denaturation of directly adsorbed 
cytochrome£, the results may not be directly applicable to the inter­
facial state associated with typical DME polarography. This is be-
cause the drop exposure time in the HMDE experiment is considerably 
longer than typical DME drop times of 1-5 s. Kuznetsov's extension of 
stationary mercury electrode results (22, 23, 67) to conditions of 
practical polarography (24, 25) are also subject to this particular 
short coming. In the just described HMDE experiment, the adsorbed 
cytochrome£ molecules exhibited a well-defined linear sweep reduction 
peak at ca. -0.34 V, which is£!· -0.6 V negative of the E0' of cyto­
chrome c. Interestingly these reduced molecules were not reoxidized 
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during a reverse potential sweep to +0.20 V (27). 
Serre et �· 's (29) previously mentioned DPP experiments also sug­
gests, however, that cytochrome� denaturation occurs in the primary 
adsorption layer. At 5 s droptimes in pH 6 Tris/cacodylate/perchlor­
ate media, cytochrome� concentrations up to 5 �resulted in a single 
DPP peak at a potential located�· -0.25 V with respect to the E0' 
of cytochrome �· This peak was characteristic of adsorption and was 
termed an adsorption postpeak (29). However, it is not a typical po­
larographic postpeak which arises from reactant adsorption since both 
redox forms of cytochrome� are strongly adsorbed (27) and nearly 
identical structurally (69). Rather, the shift in potential most 
probably occurs because of an altered redox potential in the adsorbed 
state due to denaturation. This argument also applies to the "pre­
peak" seen in pH 7.6 media (29). Margoliash and Schejter (73) have 
noted that denaturation in general causes negative shifts in cyto­
chrome� redox potential. The weak methionine-SO covalent bond with 
the heme iron is a particularly sensitive indicator of tertiary struc­
ture. Its displacement, which is associated with opening of the heme 
crevice and a loss of nativity (70, 71), disappearance of the charac­
teristic 695 nm absorbance band (70-71), and a negative redox poten­
tial shift (2), is a likely possibility in the present situation. 
Also, increased heme exposure to solvent is specifically associated 
with more negative redox potentials, according to Stellwagen (72). It 
is difficult to assess the degree of denaturation in the present case, 
but in light of other information (70-73), complete unfolding does 
not seem necessary to account for the potentia 1 shift. In comparison, the 
HMDE linear sweep reduction peak observed by Serre et �· (27) seems 
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to indicate more extensive denaturation since the redox potential 
shift was -0.60 V instead of the -0.25 V shift observed with 5 s drop­
time DPP. This supports the contention that extended mercury drop ex­
posure times lead to interfacial conditions which are different in 
some ways from those associated with DME polarography. 
Other DME experiments by Scheller's group (15-17, 19, 20) initially 
seemed to support the concept of a highly denatured primary adsorp­
tion layer, but a reasonable alternative interpretation has re-
cently been given (21). In their work, both radiochemical and differ-
ential capacitance measurements allowed calculation of the effective 
surface area of a cytochrome c molecule adsorbed in the first mono-
0 
layer. These independent methods led to similar values, �· 2000 A2 
(20), which is almost double that obtained from x-ray crystallographic 
data ( by considering the rectangular prism occupied by one molecule ) , 
0 
1200 A2• From this information, a value for the thickness of the 
0 
primary adsorption layer was given as 7.7 A. However, as later point-
ed out by Scheller (21), this treatment ignores the possible existence 
of a hydration shell, which may remain associated with the molecules 
in the adsorbed state. It was suggested that the molecules at the 
surface may exist in a loose liquid-like layer with considerably less 
denaturation than previously thought to be the case. 
Evidence of a porous structure for the primary adsorption layer 
has been provided by two experiments described by Kuznetsov et �· 
(24). Both of these suggested that 20% of the surface area of a 
protein-covered mercury electrode was accessible to smaller mole­
cules. In one experiment, the linear sweep reduction of fumaric 
acid was measured at a clean HMDE and at one covered with a mono-
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layer of lysozyme. For the latter situation, the current was re­
duced to 20% of its former value. In a second experiment, the ad­
sorption of riboflavin on an HMDE near the pzc and its subsequent 
oxidation were utilized to measure the free surface area of the 
electrode. It was found that only 20% of the resulting faradaic 
charge associated with a clean surface was passed when the HMDE had 
been pre-exposed to BSA .  However, as with other experiments de­
scribed previously, there is some doubt whether these HMDE experi­
ments accurately reflect the interfacial situation for cytochrome 
c at a DME. For the experiments just described, the electrode ex­
posure time in lysozyme or BSA solution was 2 min., plus the sub­
sequent time for conducting the electrochemical measurements. 
From the foregoing discussion, it is evident that the adsorption 
of cytochrome c onto a mercury electrode surface proceeds at a rapid, 
apparently diffusion limited, rate until a strongly adhered monolayer 
is formed. The extent of denaturation in this layer is unclear, but 
there unquestionably seems to be some. A porous structure seems like­
ly. No data have been reported which seriously conflict with these 
views. The situation succeeding completion of the primary monolayer 
is less clear, however, due in large part to the insensitivity of 
double layer measurements to regions removed more than a few angstroms 
from the surface (25). 
Direct evidence for additional protein adsorption onto the primary 
monolayer has been provided by Kuznetsov et �· (25) using an ingenious 
variation of the film transfer technique (22, 23). A HMDE was first 
exposed to a cytochrome£ or hemoglobin solution, then washed with 
buffer until presumedly only the primary monolayer remained, and final-
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ly transferred to a cell containing lysozyme or bovine serum albumen 
( BSA ) solution. Both of these latter proteins contain sulfur groups 
which are visible in ac polarography at ca. -0.5 V. No peak was ob­
served on the initial scan indicating that the electrode surface was 
blocked by the primary monolayer of cytochrome� or hemoglobin. How­
ever, after removing and rinsing this same HMDE, and then re-immersing 
it in buffer and enlarging the drop size, the sulfur groups of lysozyme 
or BSA became visible polarographically. It was concluded that these 
proteins were initially adsorbed in a second monolayer and subsequent­
ly moved over onto the mercury surface upon drop enlargement. By in­
creasing the drop size further, up to five times the original surface 
area, it appeared that several overlayers were present for the partic­
ular experimental conditions employed. Additionally, the extent of 
desorption of the lysozyme or BSA overlayers before drop enlargement 
was shown to depend on the duration of washing. With sufficient wash­
ing complete desorption occurred, an observation concluded to indicate 
the lack of denaturation in the second adsorbed layer of molecules and 
of subsequent layers (25). 
Although these experiments of Kuznetsov et al. (25) have provided 
the only direct evidence for multilayer adsorption of proteins on mer­
cury electrodes, it should be noted that the overlayers were not com­
posed of cytochrome �molecules. This reservation could perhaps be 
overcome by using a similar film transfer procedure but without re­
sorting to secondary proteins, such as BSA or lysozyme. Since direct­
ly adsorbed cytochrome �is reducible as shown by CV (27) and DPP 
(28, 29), it seems possible to study, via drop enlargement (25), the 
moving over onto the mercury surface of cytochrome� overlayers. Peak 
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areas should reflect total amounts of protein being reduced. 
Turning now to the topic of polarographic electron transfer rates, 
the importance of adsorption phenomena seems particularly evident with 
regard to the dependence of reaction overpotential on cytochrome £ 
concentration and the anomalously low diffusion currents mentioned 
earlier. In pH 6 tris/cacodylate media, reduction of ferricytochrome 
c was found to be electrochemically reversible with respect to normal 
d.c. polarography (14, 21) and differential pulse polarography (29) as 
long as the bulk concentration was below a certain value, given vari-
ously as 30 � (14, 21) and 10 � (29). Under these conditions, the 
observed E112 values were close to the Eo' of cytochrome£ (14, 21, 
29). Further evidence of rapid electron transfer at low bulk protein 
concentration came from detection of an a.c. polarographic peak with 
ca. 15 ��cytochrome£ in 0.1 M NazS04 (24). Although the peak was 
shifted +0.05 V with respect to the E0' of cytochrome£ for unknown 
reasons, a large degree of reversibility was indicated. From the 
.. 0 above data Scheller and Prumke (19) concluded that k was greater 
than lo-z cm/s for these low bulk concentrations of cytochrome�· 
However, raising solution concentration above the low values just 
mentioned causes the electron transfer reaction to behave in an in-
creasingly irreversible fashion as shown by E� (or Ep) values shifting 
to increasingly negative potentials. An overpotential of ca. -0.1 V 
to -0.2 V is typical for a 100 � solution at pH 6 (14, 21, 29). Sev-
eral investigators further observed that the magnitude of the overpo­
tential is proportional to log (1/c) (14, 21, 25, 29). Betso et al. 
(14) noted that this relationship is consistent with, and thus indica­
tive of, inhibition of an electrode reaction by adsorbed material. 
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Serre et al. (29) concurred with their conclusion while reporting that 
then� log ( 1/c ) relation holds reasonably well for solution condi­
tions other than pH 6 Tris/cacodylate (14, 29). 
Scheller and Prumke (19) proposed that the reversible and irre­
versible polarographic regions for cytochrome £at the DME correspond 
to interfacial adsorption structure. Three concentration, or adsorp­
tion, regions were designated. Below 10 �. formation of the irre­
versibly adsorbed inner layer occurs during the lifetime of the drop. 
Above 10 � but below 30 �. formation of the second monolayer, com­
posed of native, reversibly adsorbed molecules, was proposed to occur. 
This is the region corresponding to polarographic reversibility. 
Above 30 �. the value associated approximately with completion of 
the second monolayer, increasing irreversibility occurs. It should be 
pointed out that the values of bulk concentration associated with the tran­
sition from one po 1 arographi c region to another will depend on the capi 11 ary 
parameters, a 11 other factors being considered equa 1 . Serre��· ( 29), 
for example, gave evidence for the same three types of polarographic ki­
netic regions discussed above, under the same solution conditions, 
but the apparent transition concentrations were �· 5 � and 10 �. 
Below 5 �. an adsorption peak was evident; between 5 � and 10 �1, 
po 1 arog):'aphi c reversibility was observed; above 10 �,1, increasing i r­
reversibility was noted. 
As mentioned, unusual behavior was also apparent in d.c. polaro­
graphic measurements of diffusion limited reduction currents. The 
kinetic effects described in the previous paragraphs were without in­
fluence in this regard, as evidenced by id �· c plots which were 
linear (14, 16, 25, 26) to the highest cytochrome£ concentration re-
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portedly used, 600 � (25). Further proof that these currents were 
truly diffusion limited was provided by the linear dependence of id 
on the square root of the mercury column height (14, 25). However, 
calculations of the diffusion coefficient (D ) for ferricytochrome c 0 -
from the id �· c data, using the Ilkovic equation with n = 1, afford-
ed consistently low values for this parameter. 
At pH 6, which afforded the largest diffusion currents (see follow­
ing paragraphs), the reported polarographic value was 0.5 x 10-6 cm2/ 
s (14, 16), approximately one-half the value measured by non-electro­
chemical methods (74, 75). Kuznetsov et �· (26) also obtained anoma­
lously low diffusion currents. The problem of low apparent diffusion 
coefficients has not been solved. Kuznetsov et al. (26) proposed 
that the decrease in diffusion current was entropic in nature, result-
ing from the need for cytochrome£ molecules to be specifically orient­
ed in adsorption layer pores before electron transfer took place. 
Berg (66), on the other hand, has noted that if electron transfer oc-
curs only in pores, then the available electrode surface area is re­
duced, resulting in lower currents. Betso et �· 's (14) conjecture 
that inhibited diffusion through an adsorbed protein layer was re­
sponsible for the low value has been shown to be incorrect (26). 
Kuznetsov's group (25, 26) has reported some interesting results 
which bear on the role of the primary adsorption layer in the cyto­
chrome£ reduction process. They found that the magnitude of the 
diffusion limited polarographic reduction current, although seeming­
ly too low, was nevertheless unaffected by the presence of other 
non-heme proteins, e.g., BSA, globulin, and RNase (25), and globin 
(26). BSA showed no deleterious effect even when in 10-fold concen-
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tration excess over the cytochrome £ · Since both BSA and cytochrome 
£adsorb strongly onto mercury, these results were taken as evidence 
that electron transfer does not occur through primary monolayer cy­
tochrome£ molecules (since BSA substitution has no effect) but 
rather it occurs in the pores of the primary monolayer. A second, 
unexplained, aspect of these experiments was that different proteins 
affected the cytochrome £reduction overpotential differently. The 
presence of BSA caused a lessening of the reduction overpotential 
while globulin and RNase apparently resulted in normal behavior. 
The isoelectric point of serum albumin is acidic in contrast to glo­
bulin and RNase 01�, and BSA will carry a strong negative charge 
at neutral pH polarographic conditions. Perhaps this acts in a com­
plementary, attractive manner with respect to the positively charged 
cytochrome£ molecules. This possibility is discussed more fully in 
Chapter V. 
Solution pH significantly affects the magnitudes of both the dif­
fusion current and the overpotential for cytochrome £reduction. The 
latter point is more conveniently discussed first. This was first ob­
served by Griggio and Pinamonti in their d.c. polarographic study 
(10) and later confirmed by others (14, 16, 29). The former authors 
found that E112 was invariant from pH 6 to 8.5, 
but shifted negatively 
at�· 75 mV per pH unit for values between 8.5 and 9.6. Betso et al. 
(14), also employing d.c. polarography, however, observed a minimum 
overpotential near pH 6 and significantly increasing values starting 
approximately one pH unit to either side. Importantly, for the range 
of pH common to both of these studies, i.e. �· 6-10, the results are 
qualitatively in agreement. The differences can be attributed to so-
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lution composition (see below) and possibly to sample quality since 
the respective overpotentials observed at pH 6 were quite different, 
-0.14 V (14) and -0.36 V (10). 
It is known that cytochrome£ exists in a number of pH-dependent 
conformational states (76) and this reason was invoked by the above 
workers (10, 14) to explain the polarographic overpotential trend in 
the alkaline pH region. Native ferricytochrome c, present at neutral 
pH and referred to as State III, undergoes a pH-induced conformation­
al change to State IV with a transition pKa of 9.3 (76). In an in­
formative experiment using differential pulse polarography, Serre et 
al. (29) demonstrated the existence of this conformational transition 
and its quantitative influence on reduction overpotential. For 114 
�cytochrome c in 0.01 M tris/cacodylate, 0.10 M NaC104, a single 
DPP peak with an overpotential of -0.28 V was observed at a pH value 
of 6.4. As a consequence of raising solution pH, the magnitude of 
this peak decreased coincident with the appearance of a new peak hav­
ing an overpotential of -0.46 V. At pH 9.5 only the second peak per­
sisted. By simultaneously monitoring the 695 nm cytochrome £absorb­
ance band, which is present in State III and absent in State IV, the 
n = -0.28 V and n = -0.46 V DPP peaks could be unequivocally assigned 
to these respective states. The fact that the DPP-calculated pKa was 
�· 1 .5 pH units more acidic than the quoted value of 9.35 (76) was 
correctly attributed to the perchlorate ion (see below). Nonetheless 
it is clear from their experiment that the State III/State IV transi­
tion can account for a growing overpotential as the sample solution 
becomes increasingly alkaline. 
Solution pH exerts a marked influence on the magnitude of the dif-
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fusion limited current. Data reported by Betso et �· (14) indicate 
a maximum id near pH 6 with sharp declines evident below pH 5 and 
above 7. Qualitatively similar behavior has been noted by Scheller 
et �· (16) and Serre et �· (29). This behavior is very reminiscent 
of that observed with regard to overpotential. 
It is apparent that the cytochrome£ State III/State IV conforma­
tional transition can also account for the decrease of diffusion 
limited current associated with basic pH (14, 16, 29), as described 
previously. Both Griggio and Pinamonti (10) and Betso et �· (14) re­
ported the detection of a second, more negative, d.c. polarographic 
wave as solution conditions became more alkaline. For their respect­
ive experimental conditions, the valu� of pH associated with the ap­
pearance of this second wave coincides well with that observed for the 
onset of growing overpotential (10, 14) and decreasing diffusion lim­
ited current (10). In view of Serre et �· 's (29) data, the second 
wave can be unequivocally assigned to pH State IV of ferricytochrome 
c. Thus the observed decrease of diffusion limited currents at high­
er pH values, measured on the plateau of the first wave, res�lts di­
rectly from the lower percentage of ferricytochrome £in pH State III. 
No explanations have been provided for the effects which arise as 
solution pH becomes acidic, i.e. growing reduction overpotential (14) 
and diminishing diffusion limited current (14, 16). As will be dis­
cussed, these particular phenomena are felt to arise from electro­
static effects. 
The importance of the electrolyte composition with respect to the 
polarographic reduction of cytochrome£ has been alluded to above. 
Haladjian's group (27-29) has been instrumental in furthering under-
89 
standing of these effects. In their combined spectrophotometric/DPP 
titration of the State Ill/State IV conformation change, described 
previously, Serre et �· (29) calculated a pKa of 7.8, a value con-
' 
. 
siderably lower than that usually given, 9.35 (76). This result, at-
tributed by them to perchlorate specifically favoring the transition 
from State III to State IV, is entirely consistent with a recent re­
port by Andersson et �· (77) concerned with perchlorate binding to 
cytochrome£· In that work, NMR, EPR, and 695 nm optical measure­
ments were used to demonstrate the specific binding of perchlorate to 
both State III and State IV conformations with a higher affinity found 
for the latter. 35c1 NMR was used to determine a transition pKa of 
8.0, in excellent agreement wi.th the polarographic results. The small 
difference between the two values can possibly be accounted for by the 
buffers used; unfortunately this information was not provided in the 
NMR report (77). 
The French group had actually demonstrated the importance of per­
chlorate on cytochrome£ polarography at an earlier date (28). In 
that work, conducted with pH 7.6 Tris/HCl buffer, it was shown that 
differential pulse polarographic peak potentials and morphologies were 
dependent on perchlorate concentration for values below 0.1 M, above 
which no further changes occurred. Again, there is excellent corre-
lation with the NMR results (77) which indicated perchlorate binding 
to be concentration dependent only below 0.1 M. 
The major reason for the discrepancy between Griggio and Pinamon-
ti 's (1) and Betso et �· 's (14) data concerning E112 shifts as a func­
tion of pH now is clear. Perchlorate-free buffers were used by the 
former workers, whereas 0.1 M NaC104 was added to the buffering media 
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by the latter group. Thus different State III/State IV ratios were 
present in their respective experiments for any given pH as a result 
of specific perchlorate binding to both pH conformations. 
Specific ion effects are not limited to perchlorate nor to alter­
ation of the observed overpotential, as revealed by other DPP experi­
ments (29). For a series of pH 7.6, 0.01 M Tris/anion buffers, the 
magnitude of the reduction overpotential depended on the nature of 
the anion as follows: cacodylate > acetate > chloride �perchlorate. 
DPP peak heights, which were linearly related to cytochrome c concen­
tration, also exhibited a strong dependence on anion type: acetate > 
cacodylate > chloride > perchlorate. The physical basis for these 
anion effects have not been clarified yet. 
To investigate ionic strength effects, Haladjian et �· (28) meas­
ured DPP peak heights and potentials for 115 �cytochrome£ in 0.01 M 
Tris/HCl buffer. Gradually increasing the buffer concentration to 
ca. 0.11 M caused a concommittant decrease in peak height of greater 
than 50% and overpotential, -0.5 V to -0.35 V. Identical behavior was 
noted when NaCl was used to increase the electrolyte concentration, 
indicating the unimportance of the cation with respect to the reduc­
tion process (28). Although these results are most likely attributa­
ble to general ionic strength effects (28), some contribution from 
specific chloride ion interactions cannot be excluded without further 
investigation. 
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2. Cytochrome£ I Solid Electrodes 
Solid voltammetric electrodes which have been used to probe cyto­
chrome£ electron transfer processes can be divided into three classes: 
metals, metal oxide semiconductors, and "chemically modified" metals 
and semiconductors. Literature belonging to the latter two electrode 
classes has been published only since 1977. Studies employing solid 
metal voltammetric electrodes date at least to the 1958 Kono and Naka­
mura paper (9). 
In that paper, the reduction of ferricytochrome £at pH 7.0 was 
found to be electrochemically irreversible at platinum, proceeding at 
significant rates only when a large cathodic overpotential was ap­
plied. The maximum reduction rate was observed only when n was more 
negative than�· -1.2 V, although smaller rates were observable for 
n as positive as ca. -0.5 V. These authors' suggestion (9) that cy­
tochrome £reduction might be occurring via electrogenerated hydrogen 
seems likely for their experimental conditions. Tarasevich and Bog­
danovskaya (32) have since demonstrated the feasibility of such a 
mechanism by spectrally observing cytochrome£ reduction at an open­
circuited platinum electrode which had been previously exposed to H2 
bubbling. 
For electrode potentials positive of hydrogen evolution, the re­
duction and reoxidation of cytochrome£ at platinum can nevertheless 
still be observed spectroelectrochemically (14, 32), albeit at extreme­
ly small rates. Similar, but slightly faster, electron transfer was not­
ed by Tarasevi ch and Bogdanovskaya ( 32) for bare go 1 d e 1 ectrodes. For both 
of these meta 1 e 1 ectrodes, reox ida ti on was found to proceed with more dif­
ficulty than the reduction (32). On the other hand some authors have 
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failed to detect a reaction corresponding to cytochrome £reduction 
at bare gold and platinum electrodes. Hill and coworkers (12, 38, 40) 
found that cyclic voltammograms obtained at a stationary gold disk 
electrode in the presence of cytochrome£ were indistinguishable from 
background voltammograms. Scan potential limits were located at 
+0.44 V and +0.04 V, which correspond to overpotentials of +0. 18 V and 
-0.22 V. Using a gold minigrid electrode in an OTTLE cell, Heineman 
et �· (78) found that cyclic voltammetry ( scan limits unspecified ) 
produced no measureable faradaic current response due to cytochrome c. 
However, spectrophotometric monitoring of the OTTLE cell working 
electrode region did reveal a very weak response, i.e., several 
hours were required to reattain equilibrium after changing the 
gold minigrid electrode potential (78). And finally, Lewis and 
Wrighton (46) reported that ferricytochrome c was non-reducible 
at bare gold and platinum electrodes at overpotentials of ca. 
-0.7 v. 
Three other bare electrodes have been utilized with cytochrome£· 
Kuznetsov et al. (26) have used a nickel electrode to reduce ferricy­
tochrome c. For neutral, 40 � solutions, noticeable reduction re­
quired an overpotential of ca. -0.38 V. Reduction and oxidation of 
adsorbed cytochrome£ at silver electrodes has been reported to pro­
ceed with slow electron transfer kinetics (33). No reduction of fer­
ricytochrome £was detected at a bare illuminated p-type silicon semi­
conductor (46). 
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The question of cytochrome �adsorption on bare metal electrodes 
has been addressed by several authors. Cotton et �· (33) have pro­
vided definite evidence for adsorption of cytochrome� on silver elec­
trodes using the technique of surface enhanced resonance Raman spec­
troscopy (79). (The successful application of this technique to the 
much larger cytochrome cd1 molecule has also been reported (34) but 
will not be discussed here). This technique relies on the fact that 
certain molecules, when adsorbed on metal electrode surfaces, exhibit 
much stronger Raman signals than when in solution. In the present 
case, the surface enhancement for cytochrome� was demonstrated and 
had a value of approximately 5 orders of magnitude when the electrode 
potential was -0.36 V (33). These authors concluded that cyto-
chrome �is not extensively denatured in the adsorbed state based 
on the close correlation observed between its surface and solution 
Raman spectra. However, on a similar basis they concluded without 
comment that adsorbed cytochrome �exists in its oxidized form 
when the electrode potential is +0.04 V. Since this potential is 
more than 0.2 V negative of the E0' of cytochrome�· one would ex­
pect cytochrome� to exist reduced barring denaturation. These 
data can be reconciled by assuming limited denaturation of the cy­
tochrome c which is adsorbed on the silver electrode. This would 
likely involve a loss of the met-80 ligand bond, some opening of 
the heme crevice, some increased heme exposure to the solvent, and 
a negative shift of the E0' value. The same phenomena were dis­
cussed previously with regard to cytochrome �adsorption on mer-
cury in DPP experiments (see Section Fl). 
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Haladjian et �· (27) have supplied some electrochemical data 
which appears to support cytochrome £adsorption on platinum. They 
found that the normally fast system Fe(II)/Fe(III) became inhibited 
at platinum if the electrode was first exposed to a cytochrome £ so­
lution and then washed with water. They concluded that cytochrome£ 
molecules were adsorbed strongly enough to resist removal by the wash­
ing procedure. 
Kuznetsov � �· (26) have presented data indicative of cytochrome 
c adsorption on nickel. These data, however, were acquired at an ap­
plied potential of�· -1.4 V in pH 7.4 media. Since hydrogen is also 
vigorously evolved under these conditions, any conclusion about the 
state of this particular surface seems premature. 
Finally, there is one adsorption report available for bare gold 
electrodes and it is negative. Eddowes et �· (40), using an a.c. 
impedance method, found no detectable change in the electrode double 
layer capacitance upon addition of cytochrome £to an electrolyte so­
lution. They concluded that "there is no direct interaction between 
cytochrome£ and the gold electrode surface" (40). 
In summary, it appears that electron transfer between cytochrome 
c and bare metal voltammetric electrodes is extremely sluggish (9, 
14, 26, 32, 33, 40, 46, 78). Evidence for adsorption has been found 
for silver (33) and platinum (27) but not for gold (40). 
In contrast to these results, Yeh and Kuwana (11) have reported 
much faster cytochrome £reactions using doped metal oxide semicon­
ductor electrodes. At tin doped indium oxide electrodes, a nearly re­
versible electrode reaction was indicated by cyclic voltammetry and 
differential pulse voltammetry. For 52 � concentrations in neutral 
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0.15 M phosphate, well-defined CV's were obtained with 6Ep values of 
60 - 70 mV for scan rates of 10 - 500 mV/s. In addition (E 
+ E )/ p,a p,c 
2 coincided with the E0' of cytochrome c, and E was directly pro-- p,c 
portional to both protein concentration and v�. Peak currents from 
DPV experiments were also proportional to concentration. One anomal-
ous and unexplained observation which resulted from the CV results 
was that the diffusion coefficient determined for cytochrome £• 5 x 
10-7 cm2/s, was lower than expected. This value is, however, similar 
to that determined polarographically (14, 16). In the same report 
(11), quasi-reversible kinetics were ascribed to the cytochrome£ re­
action at tin oxide electrodes, although no details were given. 
Chemical modification of electrode surfaces has also proved sue-
cessful for enhancing electron transfer rates of cytochrome£ with 
respect to those rates normally observed at bare electrodes. To date 
three such electrode surface modifications have been reported in this 
regard: 1) the 4,4'-bipyridine/gold and 1 ,2-bis(4-pyridyl)ethylene/ 
gold electrodes of Eddowes and Hill (12), 2) the methyl viologen modi­
fied gold electrode of Landrum et �· (13), and 3) the viologen modi­
fied platinum, gold, and silicon electrodes of Lewis and Wrighton (46). 
Hill's group has achieved considerable success with the 4,4'-bi­
pyridine/gold electrode as documented in several reports (12, 38-43). 
The 1,2-bis(4-pyridyl)ethylene/gold electrode apparently works equal­
ly well and presumably in the same manner (12, 38, 39). In light of 
this and since considerably more information is available for the 
first-mentioned system, the following discussion is devoted to it. 
The modified surface is formed� situ by immersing a polished gold 
electrode in a near-neutral electrolyte which contains a typical 4,4'-
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bipyridine concentration of 5 to 10 m�1 in addition to the cytochrome 
c. Evidently 4,4'-bipyridine molecules adsorb onto the gold surface 
and provide a suitable and stable interface for cytochrome £electron 
transfer. A formal heterogeneous electron transfer rate constant of 
1.5 x 10-2 cm/s has been determined for this reaction using a.c. 
impedance methods (39, 43). This rate constant is the largest report­
ed for a cytochrome£ electrode reaction; the electrode process is 
nearly diffusion controlled. The rapidity of the electron transfer 
process has also been demonstrated using d.c. cyclic voltammetry (12, 
38), a.c. cyclic voltammetry (12, 38), and rotating disk and ring­
disk voltammetry (43). The value of the electrochemical transfer co­
efficient was reported to be 0.5 from ROE voltammetry measurements 
(43) but greater than 0.5 from a.c. cyclic voltammetry (38). The dif­
fusion coefficient determined for cytochrome£ from either cyclic 
voltammetry, 9.4 x 10-7 cm2/s (38), or rotating disk voltammetry, 
1.1 x 10-6 cm2/s (43), is close to the value associated with non­
electrochemical methods (74, 75). The E0' of cytochrome £• +0.255 V 
(38), as determined from d.c. and a.c. cyclic voltammetry, corresponds 
to the commonly accepted value (76). 
In 0.02 M phosphate, 0.1 M NaC104 electrolyte, varying the pH be­
tween 5 and 10 was found to affect the size of a.c. voltammetry peaks 
but not their potential (38). A.c. current exhibited a maximum value 
at pH 7, decreasing smoothly to either side. The decrease in response 
to the basic side is due (38) to the State III �State IV conforma­
tional transition (76) which reduces the concentration of native cyto­
chrome c. A pK value of 9.1 (38) was given for this transition. Al­
though this value was noted to be close to the normal literature value 
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of 9.3 (76), it is significantly different from the values of 7.8-
8.0 reported for perchlorate containing solutions (29, 77). The 
reason for this difference is not clear. The observed current decrease 
to the acid side of pH 7 corresponded to a pK of 5.25 (38) and was 
apparently unrelated to the cytochrome £molecule� se. Eddowes 
and Hill have proposed that protonation of the adsorbed 4,4'-bipyri­
dine molecules may account for this behavior (38). 
The nature of the interfacial region of the 4,4'-bipyridine/gold 
electrode is of considerable interest, and some progress towards under­
standing how it works has been reported. Current views (42, 43) can 
be summarized in a model whereby dissolved 4,4'-bipyridine molecules 
adsorb onto the gold surface in a perpendicular orientation to form a 
monolayer. Cytochrome£ molecules then reversibly bind to the modi­
fied surface via hydrogen bonding of surface lysine residues to the 
nitrogen lone pairs of the 4,4'-bipyridine molecules. Apparently, 
electron transfer between cytochrome£ and the electrode surface occurs 
at the exposed heme edge of the molecule. The role of the adsorbed 
4,4'- bipyridine layer is apparently to enhance, via increased binding 
energy, the surface concentration of cytochrome£ molecules which are 
oriented with their heme edges towards the electrode. Earlier pro­
posals which involved electrically conducting 4,4'-bipyridine layers 
(38, 40) and prevention of deleterious cytochrome£ adsorption onto 
the gold surface (38) have evidently been discarded (42, 43). 
Uosaki and Hill (42) have concluded that 4,4'-bipyridine adsorbs 
onto gold in the potential range of +1 .4 V to -0.5 V, as determined by 
a.c. capacitance measurements and inhibition of gold oxide formation. 
Although earlier work suggested that this adsorption obeyed a Langmuir 
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isotherm (38), the gold oxide inhibition data was found to be consist­
ent with a Frumkin isotherm (42). A free energy of adsorption (�GAds) 
of -34.9 kJ/mol (-8.3 kCal/mol) and an interaction term (a) of 1 .3, 
suggesting attractive interaction, were calculated from the latter 
isotherm. One problem with this approach is the implication that 
4,4'-bipyridine adsorption on gold electrodes is independent of poten­
tial over a remarkably broad range. It is not clear whether the given 
Frumkin parameters apply to a particular potential or to a generalized 
situation. The orientation of the adsorbed 4,4'-bipyridine molecules 
was also investigated (42), and a perpendicular orientation was pro­
posed mainly on the basis that nitrogen lone pairs would be available 
for interaction with lysine residues of the cytochrome£· Although 
capacitance �· potential curves indicated that a reorientation of the 
adsorbed molecules between "flat" and "perpendicular" states occurred 
at ca. +0.3 V, no definite conclusions could be drawn regarding their 
absolute orientations. 
The binding of cytochrome£ to the 4,4'-bipyridine modified gold 
surface has been evidenced in several ways. Initially, it was ob­
served that the effect of modified lysine residues on electron trans-
fer behavior was similar for the reaction of cytochrome£ with either 
the 4,4'-bipyridine/gold electrode or cytochrome£ oxidase, one of 
its physiological redox partners. Since cytochrome£ is known to 
bind to cytochrome £oxidase, an analogous situation was presumed to 
exist at the electrode surface (39). Similar conclusions were drawn 
from reaction inhibition studies using poly-L-lysine (39). 
Although a.c. voltammetry has also indicated the influence of cy­
tochrome£ adsorption (40), the recent rotating disk electrode (ROE) 
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and a.c. modulated rotating ring-disk electrode (RRDE) experiments of 
Albery et !l· (43) have provided much more detailed information in 
this regard. From these experiments, the following mechanistic scheme 
was proposed (43) for the overall one-electron oxidation of ferrocyto­
chrome �· denoted as A, to ferricytochrome �· denoted as B: 
ACXJ transport in solution (12a) 
reactant adsorption/desorption 
( 12b) 
electron transfer ( 12c) 
product desorption/adsorption 
( 12d) 
transport in solution (12e) 
where rl (mol/m2) is the surface concentration of cytochrome� adsorp­
tion sites on the modified electrode, k0 (m/s) is the mass transport 
rate constant for an ROE, kads, A and kads, 8 (cm/s) are adsorption 
rate constants, kdes, A and kdes, 8 (s-1) are desorption rate con­
stants, and k and k (s-1) are potential dependent rate constants e -e 
for the forward and backward electron transfer reactions between ad-
sorbed molecules and the electrode. Adsorption of both redox forms 
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of cytochrome£ was found to be fairly consistent with Langmuir be­
havior. Values reported for the rate parameters designated above 
were reasonably consistent with those determined from a.c. impedance 
methods (39, 40) although there was some difference. The electron 
transfer rate constant ke o derived from the impedance results was 3 - 4 
times larger, a difference which could result from a number of factors, 
e.g., electrode surface variability and technique differences. One 
other problem might also rest with the authors' determination of rL 
and the Langmuir constant, KL' which are both used to relate the 
standard electrochemical rate constant, k0, to the electron transfer 
rate constant, ke0' defined above. In particular, it appears that the 
data shown in Figure 8 of reference 43 are poorly represented by the 
line given there, from which rL and KL are calculated. Furthermore 
the values given for these parameters, when substituted into the Lang­
muir expression given for the line, yield results which are not at 
all in agreement with the data shown in that particular figure. 
Using transition state theory, Albery et �· (43) have devised 
a free energy profile corresponding to equation (12). Free energies 
of activation were reported in kJ/mol as 31 for adsorption of either 
redox form of cytochrome£ and 63 for both desorption and electron 
transfer of either form. The profile is therefore completely symmetri­
cal with adsorption of neither redox form of cytochrome £preferred. 
The adsorption energy of cytochrome£ was -32 kJ/mol with respect to 
the solution species. 
On the basis of these cytochrome£ experiments with the 4,4'-bipy­
ridine/gold electrode, Albery et �· (43) have suggested that equation 
(12) represents a general scheme for metalloprotein electron transfer 
101 
reactions at electrodes and that a considerable binding energy for the 
preceding adsorption step is necessary to overcome the activation en­
ergy. Although this mechanism seems valid for the system described, 
there are presently not enough systems which are reasonably well un­
derstood to enable the extent of its generality to be judged. At the 
present level of understanding, however, there are two systems which 
partially conflict with such a mechanism. Cytochrome �3 exhibits re­
versible electron transfer kinetics at both mercury (49, 53) and bare 
gold (53) . Since strong protein adsorption is evident on mercury 
(49, 51, 53) but unlikely on gold (53) , something other than a strong 
binding energy must account for its facile electron transfer behavior. 
A small activation energy for electron transfer is the most likely 
candidate. The general behavior of cytochrome� and other proteins 
such as myoglobin at mercury electrodes also leads to some problems 
with the mechanism being discussed although these same data have been 
invoked to support its validity (43) . The protein adsorption which 
has generally been observed on mercury corresponds to a diffusion 
controlled, irreversible adsorption process leading to formation of 
a primary monolayer (see Section Fl). Possible electron transfers 
to these typically non-desorbable molecules does not result in reduc­
tion/oxidation of diffusing molecules. Weaker, reversible adsorption 
and subsequent reduction of diffusing molecules in a second layer has 
also been proposed. This latter process can perhaps be described by 
the mechanism of equation (12). In general, though, polarographic re­
sults cannot presently support such a mechanism because 1) adsorption 
is complex and, as yet, poorly understood, 2) numerous proteins adsorb 
readily and irreversibly onto mercury, and 3) of reducible proteins 
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showing such strong adsorption onto mercury, electron transfer rates 
range from completely reversible for cytochrome �3 (49, 53) to unde­
tectable for myoglobin in pH 7 solution (16) . 
Finally, the 4,4'-bipyridine/gold surface has been proposed to be 
analogous to the physiological redox partners of cytochrome � (39, 40, 
43) and there is substantiation for this view. Qualitatively, the 
binding of cytochrome� to each is similar. The results obtained with 
lysine-modified cytochrome� and poly-L-lysine inhibition (39, 40) 
also point to a common feature. How far the analogy can be dra\vn is, 
however, an open question which will gradually be answered as this and 
other systems become better understood at the molecular level. Fur­
ther discussion of Albery et �· 's (43) mechanism can be found in 
Chapter V. 
The second CME type to be discussed is the methyl viologen modi­
fied (MVM) gold electrode of Landrum et �· (13) . This particular 
device is fabricated (13, 63) by applying an appropriate negative po­
tential to a gold electrode iiTITlersed in a neutral solution of 1 ,l'­
dimethyl-4,4'-bipyridinium dichloride, commonly known as methyl viola­
gen. In the ensuing electrochemical reaction, a chemical layer is ir­
reversibly formed on the surface of the electrode (13) coincident with 
complete loss of viologen redox properties. This particular electrode 
has been shown to enhance the heterogeneous reduction and oxidation 
of several different proteins. These include spinach ferredoxin (13, 
80), myoglobin (62, 63), hemoglobin (81), and cytochrome� (35), \'lhich 
as a group exhibit electron transfer kinetics ranging from quasi-re­
vers i b 1 e to i rrevers i b 1 e. For cytochrome�· quasi -revers i b 1 e kinetics were 
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observed (82, 35) at the MVM gold electrode with respective k0 and a values 
of 1.0 x 10-scm/s and 0.24 for reduction and 5.8 x 10-6 cm/s and 0.26 for 
oxidation, as determined by SPS/CA. For ferricytochrome �reduction 
Castner and Hawkridge (44, 45) have reported respective k0 and a 
values of 4.9 x lo-s cm/s and 0.27, as determined by linear sweep 
voltammetry, and 3.4 x lo-s cm/s and 0.25, as determined by channel 
flow hydrodynamic voltammetry. 
The formation and structure of MVM gold electrodes are not well 
understood. The electrochemical reaction leading to the chemica1 over­
layer is complex and presently unknown (see Appendix I) . Stargardt 
(83) has investigated this surface using the SIMS and ESCA surface 
probes. Considerable amounts of carbon and oxygen were detected, in­
dicative of the organic nature of the overlayer. Surprisingly, how­
ever, nitrogen was undetectable which suggests that rupture of, and 
loss of nitrogen from, the pyridinium rings of methyl viologen occurs 
during the electrochemical formation of the modified surface. 
Elucidation of the mode of operation of MVM gold electrodes has 
not been attained. ESCA results have demonstrated (83) that myoglobin 
adsorbs onto this electrode surface. Castner and Hawkridge (44, 45) 
have also provided adsorption evidence from film transfer experiments 
and from channel flow hydrodynamic voltammetry measurements on both 
cytochrome �and myoglobin. Clear evidence of cytochrome �adsorption 
on MVM gold surfaces comes particularly from the film transfer data. 
Further discussion of the MVM gold electrode can be found in Chapter V. 
The final CME type used for cytochrome �electron transfer has 
been described by Lewis and Wrighton (46). Their approach has been to 
modify platinum, gold, or p-silicon substrates with an electroactive 
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polymeric overlayer which contains bipyridinium-type one-electron re­
dox centers . These centers then act as immobilized mediators to trans­
fer electrons between the electrode surface and the diffusing cyto­
chrome c molecules. As such, these modified electrodes are capable 
only of reducing ferricytochrome £and then only at potentials suffi­
ciently negative to reduce the bipyridinium redox centers. Oxidation 
of ferrocytochrome £is precluded because the redox potential of the 
immobilized mediator is considerably more negative than the E0' of cy­
tochrome c. Although these electrodes can clearly and rapidly reduce 
ferricytochrome £• their mode of functioning is not germane to the 
central problem addressed in this dissertation. 
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3. Other Cytochromes 
The heterogeneous electron transfer properties of certain other 
cytochromes have also been investigated. Cytochrome £3 is the most 
important member of this group. Some results for another £-type cy­
tochrome, £7, and for cytochrome �5 and cytochrome P-450 are avail­
able. These latter two can be disposed of rather quickly before 
considering the two £-type cytochromes in more detail. 
Cytochrome �5 (84, 85) is a membrane-bound electron transfer 
protein which functions in an enzyme system which desaturates fatty 
acids in mammalian cells, especially those found in liver. It has 
also been implicated in cytochrome P-450 systems, erythrocytic 
methemoglobin reduction, and mitochondria. The molecule has one 
very hydrophobic end, which anchors it to a membrane, and a hydro­
philic end, which encases the single protoheme in a pocket. The heme 
has two axial iron ligands, both histidines, and is nearly completely 
protected from solvent. In contrast to cytochrome £, the propionic 
acid groups of this heme extend out of the heme pocket into the sol­
vent. The formal potential of cytochrome �5 has been estimated at 
+20 mV (84, 85). The only report of direct electrochemical reduc­
tion of this protein is that of Kuznetsov et �· (26). Cytochrome 
�5 can be prepared by either a detergent solubilization, which af-
fords the complete molecule, or by trypsin solubilization, which 
evidently removes a significant portion of the molecule's hydropho-
bic end. Although samples from both types of preparations were used 
(26), it was not always specified which one was associated with a 
particular set of data. When considering the following summary of 
their results, one should also remember that the reported sample 
purity was 50 - 60%. 
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Cytochrome �5 was found to be reducible at the DME with an 
overpotential of ca. -0.26 V for a 30 �concentration in 0.05 M 
phosphate, pH 7.0. The value of overpotential was found to be much 
less dependent on protein concentration and buffer concentration 
than was the case for cytochrome £· From 70 to 300 �. the diffu­
sion current was linear with respect to concentration, but, as with 
cytochrome £• much lower than expected. Also in an analogous fash­
ion to cytochrome £was the observation that extraneous solution 
protein does not affect the height of the polarographic wave. On a 
vibrating nickel cathode with spectrophotometric monitoring, tryp­
sin cytochrome �5 began to be reduced at an overpotential of ca. 
-0.78 V while the "detergent" fonn required ca. -1.08 V. In com­
parison the reduction of cytochrome £was first detected at an n of 
approximately -0.62 V. In conclusion it appears certain that cyto­
chrome �5 can be directly reduced at electrodes, but not as easily 
as cytochrome £· 
Cytochrome P-450 is even more difficult to directly reduce at 
an electrode. This enzyme is found throughout nature, is always 
tightly membrane bound, and is well-known as a drug metabolizing 
agent (86) in mammalian liver microsomes. It has a molecular 
weight in the range of 44 - 55,000, one protoheme group embedded 
within a single polypeptide chain, and is difficult to purify be­
cause of its membrane habitat. Scheller et �· (58) claimed a 10% 
reduction of a partially purified cytochrome P-450 sample at a mer-
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cury pool electrode potentiostatted at -0.76 V. They also tenta­
tively assigned a polarographic wave with E� � -0.34 V as due to 
the reduction of the protein heme. However, in the only other 
available study, Kuznetsov et al. (26) found no polarographic waves 
for a sample of 90 - 95% purity. The reduction of cytochrome P-450 
to its native reduced form also did not occur on nickel (26) or 
carbon (58). Although the data on this protein are limited and 
somewhat discrepant, it is clear that direct electrochemical reduc-
tion proceeds only with considerable difficulty compared to other 
cytochromes studied to date. 
In passing from cytochrome P-450 to cytochrome Qs to cytochrome 
�· direct electrochemical reduction becomes progressively easier. 
This trend continues with the multiheme cytochromes, �3 and �1. 
which exhibit extremely fast electron transfer rates at electrodes. 
Cytochrome �3 (76) has four heme groups, a molecular weight of ca. 
12,000, and a single polypeptide chain. Compared to the cyto-
chromes just discussed, the hemes in cytochrome �3 are exposed to 
solvent to a significantly greater degree. Cytochrome �3 are found 
in sulfate-respiring bacteria and have quite negative E01 values, 
typically -200 to -300 mV. The X-ray crystal structures for two 
cytochrome �3 molecules have become available very recently (87, 
88). 
Vagi et �· (47), using a glassy carbon electrode, first re­
ported that cytochrome �3 was electroactive. This report was fol­
lowed by a number of papers from Niki 's group (48-51) and from 
Haladjian's group (52-54) which are in good agreement with each 
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other. By all accounts electron transfer between diffusing cyto­
chrome £3 molecules and mercury electrodes is extremely fast, ex­
hibiting electrochemical reversibility in normal pulse polarography 
(48, 49), scan reversal pulse polarography (49), differential pulse 
polarography (49, 52), and cyclic voltammetry (48, 49, 53). Niki 
et {L. (49) have estimated the lower limit of k0 as 0.1 cm/s for 
cytochrome £3 from Desulfovibrio vulgaris, strain Miyazaki. The 
diffusion coefficient of ferricytochrome £3 was determined from 
normal pulse polarography to be 0.94 x 10-6 cm2/s (49). 
Sokol et {L. (50) showed that CV and DPP electrode responses 
for this specific protein could be accounted for by the existence 
of four closely spaced, relatively independent, one electron redox 
centers. In other words, each heme is chemically different, does 
not interact strongly with the other hemes, and responds to the 
electrode in a relatively individualistic fashion. This conclusion 
stemmed from digital simulations which gave excellent fits for four 
independent redox centers having E0' values of -0.226, -0 . 278 , 
-0.298, and -0.337 V. The individual E0' values are seen to span a 
fairly narrow range of�· 0.11 V. In the DPP experiments this 
situation was manifested by a single, broadened, asymmetric peak 
which yielded an napp value of< 1 (49). 
Bianco and Haladjian (54) have reached similar conclusions with 
regard to cytochrome £3 from Desulfovibrio desulfuricans, strain 
Norway. Their approach was to graphically subtract in a successive 
fashion four theoretical one-electron responses from the experi­
mental response, which presumedly corresponded to an overall four 
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electron process. The success of this method for both DPP and 
linear sweep voltammetric (LSV) data indicates that each one-elec­
tron heme redox center is chemically distinct and operates in a 
relatively independent manner. The individual formal potentials 
were given as -0.168, -0.306, -0.364, and -0.398 V. These values 
span a potential of£!· -0.23 V with most of this range accounted 
for by the difference between the two most positive values, 0.14 V. 
Not surprisingly, the first one electron reduction step appears as 
a separate peak in DPP and as an obvious leading shoulder in LSV. 
An interesting prediction was possible with the Desulfovibrio 
desulfuricans, Strain Norway, molecule because its X-ray crystal 
structure is known (87). Assuming the validity of Stellwagen's 
(72) relationship between heme solvent exposure and redox potential, 
Bianco and Haladjian (54) assigned the one-electron formal poten­
tials given above to individual hemes in the molecule. It will be 
interesting to see if this electrochemical prediction is born out 
by other methodologies. 
Considerable evidence exists that strong adsorption of cyto­
chrome C3 occurs on mercury, as was the case with cytochrome�· In 
cytochrome �3 solution, mercury drops from a DME did not coalesce 
for at least 30 minutes (48), and electrocapillary curves were also 
significantly lowered (52). Cyclic voltammetry at the HMDE of cy­
tochrome �3 from Desulfovibrio vulgaris, strain Hildenborough, and 
also from Desulfovibrio desulfuricans, strain Norway, gave further 
evidence of adsorption (53). Each protein displayed a peak at E �  
0 V characteristic of reactant adsorption, i.e., current was pro-
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portional to scan rate. In film transfer experiments (53), an HMDE 
was exposed to a cytochrome £3 solution, then rinsed and immersed 
in buffer. The E = 0 V adsorption peak appeared again as did a 
second peak somewhat more negative than the main faradaic reduction 
seen in normal CV. These peaks clearly must result from cytochrome 
£3 which is adsorbed strongly enough onto the electrode to resist 
removal by rinsing. The fact that the peak potentials differ from 
the reversible values associated with diffusing molecules suggests 
that structural changes occur upon adsorption. 
Differential pulse polarographic studies from Haladjian's group 
(52) of these same two Desulfovibrio cytochromes £3 are in reason­
able agreement with the CV results. An adsorption prepeak was ob­
served whose height increased linearly with increasing protein con­
centration up to a limit of 4 �for Q. vulgaris and 7 �for Q. 
desulfuricans at a drop time of 0.5 s. These values probably de­
note roughly the completion of a primary monolayer of cytochrome 
C3 on the mercury drop. As concentrations were increased above 
these values, the adsorption prepeak leveled off and then decreased 
in height while the normal faradaic peaks arose. 
Differential capacitance measurements reported by Niki et �· 
(51) for cytochrome £3 from Q. vulgaris, strain Miyazaki, followed 
the general strategy of Scheller and coworkers (16). Differential 
capacitance �time curves were consistent with irreversible, dif­
fusion limited adsorption of the protein, as was previously demon­
strated for cytochrome£· For a 4 s droptime, surface saturation, 
presumably corresponding to completion of a primary monolayer, oc-
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curred for concentrations� ca. 10 �1. The maximum surface concen­
tration was determined to be 0.92 x 10-11 moles/cm2 which leads to 
a surface area per adsorbed cytochrome £3 of 1800 A2, roughly the 
same as that determined for cytochrome£ (20). 
Niki et �· (51) have also investigated the a.c. polarographic 
behavior of cytochrome £3 as a function of frequency at the rever­
sible E�. A 4 s drop time and a protein concentration of 103 �. 
which together ensure adsorption saturation of the drop surface, 
were used. The capacitive peak height was frequency independent 
whereas the resistive peak height decreased with increasing fre­
quency and was non-existent above 2000Hz. These results, the 
authors concluded (51), can be represented by a Laitinen-Randles 
equivalent circuit (89), from which the number of electrons in­
volved in the electrode reaction of the adsorbed cytochrome £3 was 
calculated as 0.75. This value seems low and could be so because 
of an incorrect assumption in their calculation. One parameter in 
the Laitinen-Randles circuit equation is the fraction of the ad­
sorbed layer in the oxidized state, assumed to be 0.5 (51) since 
measurements were made at the half-wave potential. However, based 
on the previously discussed DPP results (52), which indicated ad­
sorption peaks at potentials removed from E�, this assumption is 
not necessarily valid. The multiplicity of hemes in these mole­
cules also contributes to complications and doubts concerning the 
actual redox equilibrium situation in the adsorbed layer. Never­
theless, this encouraging effort to describe a protein adsorption 
layer in terms of an equivalent circuit is a step forward. 
The structure of the cytochrome £3 layer on mercury is unknown. 
Niki et �· (51) believe that the extent of denaturation is small 
based on their surface concentration measurements. However, the 
similar results reported for cytochrome£, which is of approximate­
ly the same size as cytochrome £3, has led other authors to deduce 
significant unfolding (17). DPP and CV results from Haladjian's 
group (52, 53) suggest to this author that denaturation does occur, 
as evidenced by adsorption peaks removed in potential from the E1 
� 
region. The degree of denaturation is, however, difficult to as-
sess. The structural question of whether or not adsorption multi­
layers are present at the electrode surface has not been addressed. 
The electron transfer mechanism for cytochrome £3 at mercury is 
not known but it must undoubtedly be linked with adsorption pheno­
mena. Niki et �· (51) have proposed that surface "sites occupied 
by cytochrome £3 act as the active centers for the electron trans­
fer between the electrode and ferricytochrome £3 from the bulk of 
the solution." This conclusion came from some interesting d.c. and 
pulse polarographic measurements on mixtures of cytochrome £3 and 
cytochrome£ which were shown to result in mixed adsorption layers 
(51). As the cytochrome£ fraction was increased, the cytochrome 
c3 diffusion limited current became progressively smaller than the 
calculated value based on bulk concentration. However, Ep and E1 
-� 
values were unaffected. The proposal quoted above can account for 
these data, but, until a better understanding of cytochrome£ and 
cytochrome £3 adsorption layers is available, it must be accepted 
with some caution. 
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A final striking feature of cytochrome �3 electrochemistry is 
its extremely fast electron transfer reaction with gold electrodes. 
Bianco et al. 
( 53 ) have demonstrated this behavior using cyclic 
voltammetry with gold disk electrodes. Both the Desulfovibrio vul­
garis and Desulfovibrio desulfuricans species were used and com­
parisons were made with the HMDE results already discussed above. 
For scan rates up to the highest used, 200 mV/s, the reduction and 
reoxidation of cytochrome �3 was electrochemically reversible at 
gold, as was also true for mercury. The one difference between 
these two surfaces was the lack of an adsorption prepeak with the 
gold electrode, which indicates marked differences in respective 
adsorption behavior. Singleton � �· ( 55 ) have also observed 
facile electron transfer between gold electrodes and cytochrome �3 
from Desulfovibrio africanis, strain Benghazi. 
Eddowes et al. ( 56 ) have also reported nearly reversible elec­
tron transfer kinetics for cytochrome �3 from Desulfovibrio desul­
furicans, strain Norway, at the 4,4'-bipyridine/gold electrode. How­
ever, in view of the preceding paragraph, a bare gold electrode will 
afford electron transfer kinetics of comparable reversibility. The 
noticeable morphological differences between the cyclic voltammo­
grams obtained at gold ( 53 ) and at 4,4'-bipyridine/gold ( 56 ) are not 
readily explainable. The potential spreads of the four individual 
heme-based [0' values have been given as 0.23 V ( 54 ) for the former 
and 0.08 V for the latter ( 56 ) . Possible candidates for this sig­
nificant difference in results include a solution composition effect, 
i.e., pH 7.6 Tris-HCl ( 53 ) �· pH 7 phosphate/NaC104/4,4'-bipyridine 
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(56) and a surface effect due to the adsorbed 4,41-bipyridine. 
Bianco and Haladjian (57) have recently reported a polarograph­
ic investigation of a three heme cytochrome known as £7, or £-551.5, 
from Desulfuromonas acetoxidans. This molecule is similar to cyto­
chrome £3 in structure and polarographic behavior. It has a MW of 
ca. 9800 daltons and and E01 of ca. -0.19 V. Important results of 
their study included: 1) very fast electron transfer as evidenced 
by electrochemical reversibility in cyclic voltammetry, 2) adsorp­
tion prepeak in DPP atE� 0 V, and 3) the strong likelihood that 
the diffusion limited electrode response resulted from three close­
ly spaced monoelectronic processes. The heterogeneous electron 
transfer mechanisms for cytochrome £1 and cytochrome £3 will un­
doubtedly prove to be very similar, if not essentially identical, 
once they are fully understood. 
115 
4. Myoglobin and Hemoglobin 
The respective physiological functions of myoglobin and hemoglo­
bin are to store and transport dioxygen, and not to transduce dis­
crete electrons. Nevertheless both molecules have been studied with 
respect to direct electron transfer at electrode surfaces with some 
success. Most of these studies have been performed with mercury 
electrodes, both dropping and stationary. Scheller's group (14a, 15-
19, 21, 60), especially, and also Kuznetsov's (24, 25) are responsi­
ble for the available polarographic information. 
The major finding in their work has been that the polarographic 
electron transfer kinetics of hemoglobin and myoglobin are consider­
ably more irreversible than for cytochrome£· Whereas cytochrome£ 
is nearly polarographically reversible at low concentrations, hemo­
globin and myoglobin are reduced with overpotentials of about -0.4 V 
(16, 19, 24) and -0.8 V (16, 18, 19, 60) respectively. Nevertheless, 
many of the peculiar observations previously discussed for cytochrome 
c are also present with these two molecules as well. Adsorption 
plays a major role and proposed electron transfer models are identi­
cal in concept to those previously given for cytochrome £· Those 
models were, in fact, developed not just for cytochrome£ but to ac­
count for reduction of other globular proteins as well. 
There have been a number of interesting observations made for myo­
globin as regards its reducibility at mercury electrodes. As already 
noted, the magnitude of the reduction overpotential, as represented by 
the half-wave potential, is very large. Furthermore this value 
116 
moved to more negative potentials as concentration increased (19, 
60) , a behavior reminiscent of that observed with cytochrome £ ( see 
above) . Also, myoglobin reduction was strongly influenced by pH. 
The reduction wave was absent at pH 7, was well-defined below pH 6.5, 
reached its maximum height at pH 5, and became obscured by back­
ground currents for values below 4.5 ( 16, 60) . The value of the half­
wave potential was almost independent of pH in the 4.5-5 .5 range ( 16, 60) . 
The diffusion limited current, as represented by the height of 
the reduction wave, was dependent on pH ( as noted above) and protein 
concentration. For a pH 6 solution, id was linearly dependent on 
concentration between ca.60and l301J!Tl ( l6, 18, 60) . The maximum limit­
i ng currents, measured at pH 5, were reported to correspond to the 
generally accepted value for the diffusion coefficient of metmyoglo­
bin ( 16) , although no data were actually given. If this point could 
be verified, a clearly delineated difference between ferricytochrome 
£reduction and metmyoglobin reduction would be indicated, since the 
"polarographic" diffusion coefficient obtained for cytochrome£ was ano­
malously low. 
The polarographic reduction of methemoglobin proceeds with a well­
defined d.c. wave at n = -0. 4  V. Although the earliest report ( 61 ) of 
methemoglobin reduction at mercury indicated only partial reduction of 
the tetrahemic structure, later work from Scheller and his coworkers 
( 16) was consistent with complete reduction. In contrast to myoglobin, 
both the half-wave potential and the diffusion limited current for 
methemoglobin reduction were independent of pH over the range 5.5 to 
8 ( 16) . 
With increasing methemoglobin concentration, half-wave potentials 
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shifted to more negative values (19). Even at a concentration as 
low as 10 �. however, an overpotential of -0.4 V was still observed 
(16, 19). 
Diffusion limited currents and DPP peak currents were linearly 
dependent on methemoglobin concentration between 10 and 100 � (15, 
16). As with cytochrome s_, the "polarographic" diffusion coeffici­
ent calculated from the d.c. currents was smaller than the value 
typically found by other methods (16). 
The evidence for adsorption of metmyoglobin and methemoglobin 
onto mercury electrodes is quite similar to that previously dis­
cussed for cytochrome.£.· In the region of the pzc, adsorption re­
sulted in a lowering of the differential capacitance of the elec­
trode (16, 21). The relative decrease in differential capacitance, 
6C/C0, depended linearly on bulk protein concentration for a con-
stant drop time. For myoglobin, surface saturation occurred at ca. 
4 �for a 3 s drop time (16). For constant concentrations of 
either globin protein, 6C/C0 was also proportional to the square 
root of the drop time (14a, 18, 21). These data are consistent with 
irreversible, diffusion controlled adsorption onto the electrode 
surface during the formation of the primary monolayer. 
Scheller and coworkers (15, 17, 21) have used the C/C0 data to 
compute the surface areas associated with single adsorbed molecules. 
0 
The most recent va 1 ues given for metmyogl obi n and methemoglobin are 3500 A 2 
0 and 11 ,400 A 2 ( 21), respectively. Much sma 11 er in magnitude are the maxi-
mum rectangular prism surface areas computed from crystal structures, 
0 0 
1600 A2 and 4500 A2, (21), respectively. The thickness of the primary 
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adsorbed layer was calculated to be 6- 7 A (17). However, as pre-
viously mentioned for cytochrome �· this determination assumes that 
unfolding of the protein is the only cause of the larger effective 
molecular surface areas in the adsorbed state. Scheller (21) has 
cautioned against the uncritical use of molecular surface areas as 
proof for interfacially induced protein unfolding since hydration 
sheaths are ignored, as well as possibly other factors. 
Kuznetsov et al. (25) have evaluated the adsorption behavior of 
methemoglobin using the film transfer methodology described above 
for cytochrome�· Results were qualitatively similar for the two 
proteins and details will not be repeated here. These authors con-
eluded that a flattened primary monolayer of irreversibly adsorbed 
hemoglobin is formed as well as overlayers of reversibly adsorbed, 
undenatured molecules. 
The electron transfer mechanism(s) for the polarographic reduc­
tion of metmyoglobin and methemoglobin has (have) received consider­
ably less attention than that of cytochrome �· Both Kuznetsov (25) 
and Scheller (21) evidently believe that their respective general 
models, previously discussed in relation to cytochrome�· can ac-
count for the observed behavior. Although one or the other may 
eventually prove to be valid in a general sense, it is not clear why 
much slower kinetics are observed during the reduction of the globin 
molecules. Scheller and Prumke (19) have suggested that the much 
slower electron transfer rates observed with myoglobin and hemoglo­
bin result from the lack of heme exposure near the protein surfaces. 
In contrast, one edge of the cytochrome� heme is solvent-exposed. 
119 
Also, it is not clear why myoglobin, but not hemoglobin, is re­
duced polarographically in a strongly pH-dependent process. The 
question of polarographic diffusion coefficients is also unanswered. 
Another basic problem concerns how much of the faster kinetics ob­
served with cytochrome£ can be attributed to its inherent ability 
to transfer electrons, and how much to the structure of the adsorp­
tion layer and its subsequent interactions with diffusing molecules. 
Only two solid electrodes have been used to study the heterogene­
ous electron transfer kinetics and the interfacial behavior of myo­
globin. Stargardt et al. (62) have demonstrated the electrocatalytic 
nature of the methyl viologen modified (MVM) gold electrode with re­
gard to the reduction and reoxidation of metmyoglobin. Cotton et al. 
(33) have studied the adsorption behavior of myoglobin on bare silver 
electrodes using surface enhanced resonance Raman spectroscopy (SERS 
+ RSS), No reports dealing with hemoglobin redox behavior at solid 
electrodes have been found. 
In the MVM gold study, Stargardt et �· (62) spectrally monitored 
the reduction and reoxidation of neutral pH metmyoglobin solutions in 
an OTTLE cell of pathlength 0.3 mm. Their major findings were l) 
myoglobin was nearly non-reducible at either plasma cleaned or as-re­
ceived gold minigrid electrodes, ca. 5% reduction in 2 hours, 2) met­
myoglobin was quantitatively reduced at an MVM gold electrode in ca. 
5 minutes at an overpotential of ca. -0.54 V, 3) the subsequent re­
oxidation was complete in ca. 15 minutes at an overpotential of�· 
+0.43 V, 4) repetitive reduction/oxidation cycles were reproducible 
with regard to rate, and 5) no denaturation occurred based on the 350-
600 nm absorbance spectrum. The functioning of this electrode is not 
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known as previously discussed with regard to cytochrome £· Those 
details will not be repeated other than to note that adsorption of 
myoglobin on the MVM gold surface is almost certain as shown by ESCA 
(83), film transfer/cyclic voltammetry experiments (44, 45), and chan­
nel flow hydrodynamic voltammetry measurements (44, 45). Castner's 
(44, 45) steady state kinetic results will be discussed in Chapter V 
in conjunction with the present results. Preliminary evidence in ref­
erence 62 also indicated that gold electrodes can be modified with 
1,1 '-dibenzyl-4,4'-bipyridinium dichloride. However, although myoglo­
bin reduction and oxidation rates were increased as a result, there 
was also evidence of protein denaturation, and development of this 
electrode has not been pursued. 
Cotton et �· 's (33) surface Raman study of myoglobin and cyto­
chrome£ (see above) showed unequivocally that these molecules adsorb 
on silver electrodes. However, in contrast to cytochrome £• a com­
parison of surface and solution Raman spectra for myoglobin offered 
no clear correlations. It was suggested (33) that 1) upon adsorption, 
myoglobin undergoes a spin-state change from high to low, 2) the ad­
sorbed molecule exists reduced atE = -0.36 V, and 3) the adsorbed 
molecule exists oxidized atE= +0.04 V, close to its E0' of +0.046 V 
(1). Because of the poor match-up between surface and solution spec­
tra, these proposals must remain as speculative until clarified by 
further experimentation. For this same reason, it does seem likely 
that myoglobin adsorbed on silver electrodes exhibits significant de­
naturation with respect to cytochrome £• as was previously concluded 
(33). Unfortunately, there are no structural details available at 
present. 
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5. Peroxidase and Catalase 
Another class of heme proteins consists of the peroxidases and 
catalases (90, 91), which serve as catalysts for the decomposition of 
hydrogen peroxide to water through the oxidation of a second substrate. 
There are actually many peroxidases, which differ structurally to 
varying extents and which utilize different oxidizable substrates (90). 
All of these are monohemic with molecular weights of 35,000 to 60,000 
daltons for the commonly known ones. The heme group is not covalently 
bound to the polypeptide chain. The two axial sites on the heme iron 
are generally thought to be occupied by a histidine imidazole nitrogen 
and a water molecule, although much doubt still exists (90). Catalase 
is a tetramer made up of 60,000 dalton subunits. Axial iron sites are 
thought to be histidine and water, but, as with peroxidase, this 
point remains controversial (91). 
In contrast to the other heme proteins discussed to this point, 
peroxidase and catalase evidently do not undergo direct electrode re­
duction without denaturation. There are, however, limited reports on 
this topic. Kuznetsov et al. (24) found no response at the dropping 
mercury electrode which corresponded to the reduction of horseradish 
peroxidase. Tarasevich and coworkers {32, 64) did observe a cyclic 
voltammetry response at an amalgamated gold electrode, but the re­
sponse did not correspond to electron transfer to the heme group. They 
concluded that disulfide bonds of the protein were primarily responsi­
ble for the electrochemical response found at neutral pH. With pyre­
lytic graphite electrodes, no electrochemical response was detected 
for the reduction of horseradish peroxidase at pH 7 (64). In an older 
study, Brown (65) reported that both horseradish peroxidase and beef 
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liver catalase were electroinactive polarographically under anaerobic 
conditions. However, under conditions which gave rise to the primary 
hydrogen peroxide complexes of these proteins, an electrode response 
was observed which Brown attributed to the direct reduction of the com­
plexes. Kuznetsov et al. (24) have reported that catalase is electro­
inactive at the DME. 
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6. Other Protein/Electrode Studies 
Numerous other proteins have been investigated electrochemical­
ly for a variety of reasons. Mention is made here of some of the 
more important ones of these. Ferredoxins have been studied at 
mercury electrodes (92), mercury amalgam electrodes {32, 93), and 
solid electrodes (13, 80, 94, 95). These molecules function physio­
logically as electron transfer agents, contain iron-sulfur prosthet­
ic groups, and typically undergo one-electron redox reactions at 
negative formal potentials. Ferredoxins adsorb strongly on mercury 
while undergoing major denaturation (92, 32, 93). Sulfur atom in­
teractions with the mercury are known to be important electrochemi­
cally for these reactions (92). 
Turning to solid electrode studies, Landrum et �· (13) found 
that spinach ferredoxin could be reduced and reoxidized repetitive­
ly at quasi-reversible rates at the methyl viologen modified ( MVM) 
gold minigrid electrode (see Section B). Significantly, the redox 
potential indicated by cyclic voltammetry was approximately the same 
as the E0' of ferredoxin, -0.428 V, indicating that diffusing mole­
cules were not being denatured. Crawley and Hawkridge (80) subse­
quently measured the heterogeneous electron transfer kinetics for 
the reduction process using irreversible SPS/CA (96). Re-evaluation 
(95) of these data using the more appropriate quasi-reversible SPS/ 
CA theory (97) yielded k0 = 6.5 x lo-s cm/s and a =  0.42. Prelimi­
nary data have also been reported for reduction of spinach ferre­
doxin at fluorine doped tin oxide electrodes (95). However, extrac­
tion of rate parameters was precluded because of very strong adsorp-
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tion effects. An earlier investigation (93) did not detect ferre­
doxin reduction at antimony doped tin oxide electrodes. Very slow 
reduction was observed at bare gold, albeit with some denaturation 
(93). 
Polarographic reduction of the flavin adenine dinucleotide (FAD) 
prosthetic group of certain proteins has received some attention. 
These proteins transfer electrons, as hydrogen, from organic mole­
cules to the FAD riboflavin segment, which is an organic moiety (98). 
A redox peak potential of ca. -0.1 V has been observed for the fol­
lowing FAD-containing proteins in pH 7.0 media: D-amino acid oxi­
dase (24), glucose oxidase (99, 100), and cholesterol oxidase (100). 
Significant protein adsorption has been observed (24, 100) and Ikeda 
et �· (100) have proposed that the voltammetric peaks mentioned 
above correspond to the FAD group of enzyme molecules which are ir­
reversibly adsorbed on the electrode surface. These authors state 
(100) that for cholesterol oxidase there is some difference between 
its redox potential in solution and in the adsorbed state, which 
suggests some surface denaturation. Scheller et �· (99), who did 
not address the adsorption question, have suggested that for glucose 
oxidase the redox potentials in solution and in the adsorbed state 
are the same, thus suggesting reduction of FAD in the undenatured 
molecule. Whatever the nature of the electrode process, it is 
agreed that for these particular FAD-proteins the electron transfer 
reaction is fast (99, 100). There is one FAD-protein which appears 
to behave differently than the ones just discussed, namely xanthine 
oxidase (24). The voltammetric peak observed for the FAD group in 
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this molecule has a potential identical to that of free FAD, -0.19 v 
This and other observations led Kuznetsov et �· (24) to conclude 
that upon adsorption on mercury, xanthine oxidase releases its FAD, 
which is then observed polarographically as free FAD. 
Recent reports have also begun to appear concerning the direct 
electrodic reduction and oxidation of bacteriorhodopsin (101, 102), 
which is a bacterial photoreceptor protein. The chromophore in this 
molecule is also organic, being a conjugated system of double bonds 
and a Schiff base. As with other proteins, strong adsorption onto 
mercury is noted (101, 102). The adsorbed molecules undergo a 
chromophoric reduction-oxidation process near -0.8 V (101, 102) which 
appears to be polarographically reversible (102). Also, on platinum, 
an oxidation wave observed at +0.8 V was also attributed to the 
chromophore (102). 
Finally, mention is made of four related sections of literature, 
which although not concerned primarily with electron transfer be­
tween electrodes and protein prosthetic groups, are nevertheless im­
portant and potentially useful to such studies. These four areas 
comprise Brdicka currents, disulfide/sulfydryl reactions, protein 
oxidations, and nucleic acid electrochemistry. Brdicka hydrogen cur­
rents, which arise at the DME in suitably buffered cobalt-containing 
solutions, are catalyzed by certain proteins as well as other spe­
cies. These phenomena, which have been studied for nearly 50 years, 
remain mechanistically challenging (103). As described in a 1963 re­
view (68), much early work on Brdicka currents, now discontinued, was 
concerned with developing a polarographic test specific for cancer. 
126 
Analytical applications have been, and continue to be, a concern of 
many workers in this field. The recent fundamental work from Kuz­
netsov's group (22, 23, 67) and Senda's group (30, 31, 104) have 
provided important information concerning the adsorption of pro­
teins on mercury electrodes. 
The existence of polarographically reducible disulfide bonds in 
proteins appears to be intimately related to many Brdicka reactions 
(22, 23, 68, 103, 104). The reduction of disulfides to sulfydryls 
at the mercury electrode surface, and the reverse process, have 
also been studied extensively (105). Insulin (106) and other di­
sulfide containing proteins give rise to d.c. and a.c. polarographic 
currents characteristic of this particular reaction. 
When performing voltammetry of proteins at potentials positive 
of�· 0.7 V, oxidation of individual amino acids must be consid­
ered (107-111). Tryptophan and tyrosine residues are oxidizable at 
carbon (107, 108, 110, 111), platinum (110, 111), and gold (110, 
111) electrodes while histidine is oxidizable at carbon (110, 111). 
The sulfur-containing amino acids cysteine, cystine, and methionine 
have been shown to be oxidized at carbon (108, 109, 111). Adsorp­
tion effects were found to be important with regard to these pro­
cesses. 
An extensive literature (66, 103) has also developed with regard 
to the polarography of nucleic acids. These studies, which are 
basically concerned with the effects of the interfacial electric 
field on the conformational structure of the acids, are also being 
extended to solid electrodes (112). 
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7. Generalizations 
The models developed by Kuznetsov (25) and Scheller (21) which 
were discussed in Section Fl, grew out of polarographic studies 
with numerous proteins. As such they are intended to be generally 
suitable for polarographic reactions of redox proteins. Kuznetsov 
et �· (25) have suggested that the applicability of the pore model 
extends to all electrochemical processes involving the reduction of 
heme or other electroactive prosthetic groups of proteins. 
The model of Albery et �· (43), developed mainly from studies 
of cytochrome c behavior at 4,4'-bipyridine/gold electrodes, was 
discussed in Section F2. It has been proposed to be generally valid 
for protein electron transfer reactions at both solid and mercury 
electrodes. A recent discussion of it has appeared more recently 
(113). 
In their most recent paper, which reported the electrochemistry 
of cytochrome �7, Bianco and Haladjian (57) proposed that the reac­
tivity of heme proteins at electrodes is associated with the extent 
of heme exposure at the surface of the molecule. (This factor had 
been previously invoked to account for the redox potentials of heme 
proteins (72)). It was suggested that the ratio of the molecular 
weight (MW) of the molecule to its number of hemes (nH) is a valid 
empirical measure of this exposure. As the value of MW/nH increases, 
the heme exposure decreases and the electrode reaction becomes more 
irreversible. 
Kuznetsov et �· (26) have suggested that, for cytochromes, in­
creasing protein hydrophobicity results in a corresponding decrease 
in electron transfer rates at metallic electrodes. 
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CHAPTER II - THEORY 
A. Electrode Kinetics 
The fundamental event in most electrode reactions is an electron 
transfer between two reactants - an electrode and a solution species. 
Usually the discrete electron transfer event is an elementary reaction 
in a more complicated, multistep mechanism. 
There are a number of important analogies between heterogeneous 
electrochemical kinetics and homogeneous chemical kinetics. This 
statement is particularly true if homogeneous electron transfer reac­
tions are being considered. The development of kinetic theory for this 
class of reactions has closely paralleled the development of electrode 
kinetic theory, and continues to do so (1-3). Cannon's recent book 
(1) has as its subject electron transfer reactions, with particular 
emphasis on the homogeneous variety; also see (2). 
There are numerous books and other publications which detail the 
theoretical and experimental aspects of electrode kinetics, e.g. see 
(3-7). In my work, macroscopic Butler-Volmer theory was used and 
it is highlighted below. Other theories which are microscopic or 
molecular in nature have also been developed and these continue to be 
an active theoretical research area, e.g., see (3, 5-9). These theo­
ries generally combine some classical physical features with some 
quantum mechanical features. 
All of these theories, both macroscopic and microscopic, contain 
the concept of a transition state of some sort in which a potential 
energy barrier must be overcome in order for reactants to become pro­
ducts. The potential energy barrier, characterized by the free en­
ergy of activation 6G*, must be surmounted classically or tunneled 
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through by a quantum mechanical process. 
There is one aspect of the microscopic theories which will be 
described here, namely adiabatic and non-adiabatic reactions. The 
following description applies to both homogeneous and heterogeneous 
electron transfer reactions. For the latter case the electrode re­
places one of the homogeneous redox reactants. Reactant/product dia­
grams are constructed by plotting total potential energy (including 
surrounding solvent)�· nuclear configuration (see Figure 9a). This 
view emphasizes that nuclear rearragements facilitate electron trans­
fer (9). The electron transfer is a radiationless transition and is 
also fast relative to nuclear motion, i.e., the Franck-Condon princi­
ple is operative. This implies that the nuclear configuration and 
total potential energy of the reactants must match those of the pro­
ducts for electron transfer to occur. At the intersection point in 
Figure 9a, this condition is satisfied. 
However, there must additionally be some overlap between the elec­
tron wavefunctions of the reactants or else electron transfer will 
not occur. For example, if the two reactants are very far apart, no 
electron transfer will occur even though the system is at the inter­
section point shown in Figure 9a. Bringing the reactants closer 
together will cause their electron wavefunctions to interact, thus 
resulting in degenerate energy levels and the splittings shown in 
Figures 9b and 9c. As wavefunction interaction (orbital overlap) 
increases near the intersection point (transition state), the proba­
bility of electron transfer occurring upon reaching this particular 
nuclear configuration also increases. Electron transfer is achieved 
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Figure 9. Electron transfer reaction diagrams. a) No electronic 
interaction between the reactants. b) Slight interac­
tion. c) Considerable interaction. R represents reac­
tants plus environment and P represents products plus 
environment. (Adapted from reference (9)). 
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when the system moves from the lower reactants curve to the lower pro­
ducts curve. 
If the interaction/overlap is weak (Figure 9b), the electron 
transfer is termed non-adiabatic. Such a situation would arise if 
the donor/acceptor orbitals were spatially separated by a sufficient 
0 
distance, say 10 - 30 A, with an intervening potential energy barrier 
to electron flow. In this situation, electron tunneling through the 
barrier would become important. Non-adiabatic reactions have also 
been defined as those in which rate is controlled partially by elec­
tron tunneling (10), a different way of saying the same thing. For 
electrode reactions, the potential barrier to electron flow would ex-
ist at the interface between donor/acceptor orbitals of the electrode 
and the solution reactant. Hopfield (11) believes that non-adiabatic 
electron tunneling is a preferred pathway in biological electron 
transfer reactions due, in part, to the often observed separation of 
adjoining redox centers. 
If the wavefunction interaction/overlap is considerable (Figure 
9c), the electron transfer is termed adiabatic. This means that 
when the transition state is reached through collision the probability 
of electron transfer is close to one. Many outer sphere inorganic re­
actions and also many organic electron transfer reactions are adia­
batic ( 1 ). Many electrode reactions can also be classed as adiabatic 
(1,9). 
The heterogeneous electron transfer rate constant in the micro-
scopic theories can be expressed as (lD): 
kf = KZ exp (-6G*/kT) 
(13) 
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where K is the transmission coefficient, Z is the thermal velocity of 
reactants (i.e., a collision factor), and 6G* is the free energy of 
activation for the forward process. As K � 1, the equation reduces to 
the classical Arrhenius relation. This situation corresponds to the 
adiabatic case. When K < < 1, non-adiabatic electron transfer pre­
dominates. 
An inherent feature of electrochemical experimentation is the 
ability to alter the potential energy of one of the reactants, the 
electron, by variation of the electrode voltage. With reference to 
Figure 9, the result would be a vertical displacement of the reac­
tants curve either up (for a more negative voltage) or down (for a 
more positive voltage) since the electron donor/acceptor orbital of the 
electrode depends on voltage. The activation energy barrier and thus 
the rate (and the rate constant) would change as a consequence. But­
ler-Volmer formal ism gives a classical Arrhenius-type description of the re­
lationship between rate parameters and electrode voltage. Deriva­
tions have been described (4) and only key results are presented here. 
For an electrode reaction: 
0 + 
kf,h n e ;;:;::=::::::: 
'kb,h 
R (14) 
kf and kb are the forward and back heterogeneous electron transfer 
rate constants, respectively. They are potential dependent as fol-
lows: 
kf,h = k0 exp (-anFn/RT) 
kb,h = k0 exp [(1 -a )nFn/RT) 
where n = (E _ (0 ') and is termed the charge transfer overpo-
( 15a) 
( 15b) 
tential; k0 is the standard rate constant determined by evaluating kf,h 
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or kb,h at n = 0; and a is the electrochemical transfer coefficient as­
sociated with the reduction. 
The considerable controversy associated with the physical meaning 
of a (12) will not be addressed here. The most commonly accepted view 
is that it reflects the symmetry of activation energy barriers such 
as are shown in Figure 9 (4, 12). For a barrier symmetrical with re­
spect to a vertical line through the transition state coordinate, a 
has a value of l/2. If potential falls more steeply on the product 
side of the transition state than on the reactant side, a < l/2; for 
the opposite situation, a > l/2. The experimental manifestation of 
this treatment for a reduction is that only a fraction (a ) of the 
total free energy change associated with a reduction overpotential is 
effective in driving the reduction (4, 5, 13). Geometric analyses of 
the relationship of a to the potential energy barrier are available 
{4, 5). 
The value of a ranges between 0 and 1. For many specific electrode 
reactions, the sum of a, as determined from reductive data, and (1-a), 
as determined from oxidative data, are often 1. However, this assumes 
that the rate-determining step (12, 13) and the physical pathway (12) 
are identical in both directions. These and other factors can lead 
to situations where a +  (1 - a ) 1 1 (12, 13). 
The standard rate constant is a measure of the facility of the 
electrode process. It is directly related to a more physically des­
criptive parameter, the exchange current density (j0), by {4): 
j = i /A = nFk°C 0 0 
(16) 
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where i0 = the exchange current, A = electrode area and c = c ' 0, bulk 
CR, bulk. When the electrode potential is equal to the E0' of the 0/R 
couple and the system is at equilibrium, currents continue to flow in 
both directions across the interface, but the net current is zero. 
These are the exchange currents, either of which, when normalized to 
the electrode area, is termed exchange current density. Fast electrode 
reactions have large j0's; sluggish ones have small j0's. 
Heterogeneous electron transfer reactions are usually classified 
as electrochemically reversible, quasi-reversible, or irreversible 
{4). Qualitatively, these terms apply to fast, medium, and slow re­
actions, respectively. The definitions are operational in that the 
kinetic behavior of a reaction will depend on the measurement tech-
nique used. Reactions are electrochemically reversible if the meas­
ured response can be accounted for by the Nernst equation and diffus-
ion, i.e., no discernible kinetic effects. Electrochemical irreversi-
bility results when kf > > kb so that the rate of the back reaction is 
negligible (and vice-versa). Quasi-reversibility describes a middle 
ground where an observed voltammetric response has contributions from 
both reactions. Standard electrochemical rate constants cover a range 
of more than 10 orders of magnitude, ranging from > 1 cm/s (reversi­
ble) to < lo-9 cm/s {irreversible) {4). 
B. Linear Sweep and Cyclic Voltammetry 
These widely used techniques have been described extensively (14, 
15). Linear sweep voltammetry (LSV) involves measuring current while 
the electrode potential is scanned linearly with respect to time 
through the potential region of interest, typically the Eo' region of 
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a redox couple. A characteristic peak results which can be used to ex­
tract information concerning the electrode reaction. Nicholson and 
Shain (16) have described how to extract heterogeneous electron trans­
fer parameters from LSV peaks acquired at various scan rates. 
In cyclic voltammetry (CV ), the linear scan is reversed at a se­
lected potential. Therefore, for example, the reduction and reoxida­
tion of an initially oxidized species can be measured on the outgoing 
and return scans, respectively. The two resulting current peaks, one 
cathodic and one anodic, are separated on the potential axis by 57/n 
mV for an electrochemically reversible electron transfer. Larger 
peak separations indicate that electron transfer kinetics are partial­
ly controlling the rate. Nicholson's ( 17 ) paper describes how to cal­
culate the standard rate constant from such data. 
C. Chronoabsorptometry 
Single potential step chronoabsorptometry (SPS/CA ) for irreversi­
ble electron transfer kinetics was developed and verified by Albert­
son et �· (18). SPS/CA is a transient technique in which absorbance 
is monitored while the applied potential is stepped from a rest value, 
for which the electrode reaction does not occur, to a value sufficient 
to drive the forward reaction at a measureable rate. The potential 
is returned to its rest va 1 ue after time 1, typically seconds, has passed. 
The resulting absorbance-time transient is analyzed as described (18) 
to obtain the forward heterogeneous electron transfer rate constant 
( k ) for that particular reaction overpotential (n). In practice a f,h 
family of transients is obtained and analyzed to provide kf,h values for 
a range of overpotentials within the kinetic window of the reaction 
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( e.g. see Figure 20 ). A 1 inear Butler-Volmer plot of kf � n yields 
k0 as the intercept, and a is calculated from the slope. Details 
of the application of this technique to biological molecules can be 
found in references (19, 20). 
Asymmetric double potential step chronoabsorptometry ( ADPS/CA ) 
(21) is a related technique which permits evaluation of the back re­
action kinetic parameters. In this case, the applied potential for 
the forward step is made sufficiently large to drive the forward reac­
tion at a rapid, preferably diffusion controlled, rate. At time 1, the 
back step potential is applied to drive the back reaction. A range 
of back step overpotentials are selected, as above, to cover the 
kinetic window for the reverse reaction. Figure 23 shows some typi-
cal results for ADPS/CA. Since the theory has not been solved for 
ADPS/CA, the kb ,h values were determined by best fitting digitally simu­
lated responses to experiment (21). Linear kb,h �· n plots yield ko 
from the intercept and (1 - a ) from the slope. 
The SPS/CA method (18) described above is suitable only for elec­
trode reactions having irreversible kinetics. The quasi-reversible 
version has been recently published (22), but was not used for work 
described herein. The ADPS/CA digital simulation (21) is suitable 
for any degree of kinetic reversibility. 
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Chapter III - Experimental Details 
A. Reagents and Materials 
1. Cytochrome £ (horse heart) 
Two types of cytochrome £ preparations were used and are denoted 
in this report as "commercial" and "purified". The commercial prep­
aration purchased from Sigma Chemical Co., St. Louis, MO, was Type 
VI ferricytochrome £in the lyophylized form. It was stored as re­
ceived at ca. -l5°C. 
Purified cytochrome £was prepared from the Sigma commercial 
sample using ion-exchange chromatography. As described by Brautigan 
et al. (1), commercial cytochrome£ samples are contaminated with 
small amounts of deamidated forms of the protein as well as aggre­
gates, or polymeric forms. These non-native forms of cytochrome£ 
can be separated from the native molecules on carboxymethyl cellu­
lose resin. Details of this separation are given in this chapter 
under "Techniques and Procedures". The final lyophyl ized product 
was stored at ca. -l5°C. 
Cytochrome£ concentrations were determined spectrophotometri­
cally at 550 nm using either the molar absorptivity of the reduced 
form, Ered 
tivity, 6E 
29,500 W1 cm-1 (2) , or the difference molar absorp-
21,100 W1 cm-1 (2). 6E is defined as the E55o of fer-
rocytochrome £minus the E55o of ferricytochrome £· Absorbances 
were measured in 1.00 mm cuvettes, and NazSzO� was used to generate 
the reduced form. 
Solutions were prepared by dissolving the lyophilized powder in 
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a known buffer. When using the commercial preparation, this solu­
tion was then filtered using Metricel 5 �membrane filters. So­
lutions were refrigerated at�· 4°C in sealed Wheaton serum bot­
tles of 20 or 60 ml volumes and used within three days of prepara­
tion. 
2. Myoglobin (sperm whale skeletal muscle) 
Type II myoglobin was purchased in the oxidized form from Sig­
ma Chemical Co. and stored as received at ca. -l5°C. 
Concentrations were calculated from difference molar absorp­
tivity measurements as just described for cytochrome£· A 6E of 
96,700 M-1 cm-1 at 434 nm was used (3). 
Solutions were prepared, filtered, stored, and used as described 
above for cytochrome £· 
3. Water 
Two grades of water were used during this work. Until July 
1981, all water was distilled twice with the second distillation ac­
complished in an all-glass apparatus. Unless specifically noted 
otherwise in this text (see next paragraph), it is understood that 
water refers to the doubly distilled grade. 
Water used after July 1981 was purified using a Milli-R04/Milli­
Q system from Hillipore Corp., Bedford, MA. The high purity Milli-Q 
section uses mixed resin ion exchange beds to produce water with a 
specific resistivity of 18 MR-cm as well as an activated carbon bed 
to remove organics. Water from this system is denoted in the text 
as "Milli-Q" water. Experimental data obtained with this water are 
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clearly noted as such. 
4. Phosphate Buffers (pH 5.5 - 8.5) 
For a desired molarity, the two components NaH2P04 and Na2HP04 
(ACS Reagent Grade) were individually prepared in volumetric flasks 
and then mixed until the desired pH was obtained. If another non­
buffering salt was also to be present, it was dissolved in each of 
the components at the desired final concentration before mixing 
them. This procedure avoided any pH variation due to the ionic 
strength contribution of the added salt. 
To prepare a solution of specified ionic strength at pH 7.0, 
the following relation was used: molarity= 0.44 x ionic strength. 
This expression was determined empirically as described in Appendix 
II. 
5. Tris/Cacodylate Buffers (pH 5.5 - 8.5) 
Tris(hydroxymethyl)aminomethane, commonly known as Tris, was 
used as received from the Sigma Chemical Co. (Trizma Base, Reagent 
Grade). Oimethylarsinic acid, commonly known as cacodylic acid, 
was 98% pure as purchased from the Sigma Chemical Co. It was re­
crystallized twice from either 95% ethanol or from 2-propanol. The 
latter solvent worked best. After drying overnite at 110°C, the 
recrystallized solid was stored in a dessicator. 
Calculations and instructions for preparing Tris/cacodylate buf­
fers at specific ionic strengths are given in Appendix III. 
6. Glycine/HCl Buffers (pH 3) 
Glycine (ACS Reagent Grade) was initially prepared at a concen-
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tration of 0.5 M. HCl, 1 M, was then added until the solution pH 
was 3.0 resulting in a final glycine concentration of ca. 0.45 M. 
7. Viologens 
Methyl viologen (1,1'-dimethyl-4,4'-bipyridinium dichloride; 
gmw 256) from Aldrich Chemical Co., Milwaukee, WI, was recrystal­
lized three times from a methanol-acetone mixture. It was then 
dried for two hours at 120°C and stored in a dessicator. Solution 
concentrations were determined from absorbance readings at 257 nm 
using£ =  21,700 (± 200) M-1 cm"1, an experimentally determined 
value. 
Diquat (6,7-dihydrodipyrido[l,2-a: 2' ,1'-E_]pyrazine-di-ium di­
bromide; gmw 344) from Chern Service, West Chester, PA, was recrys­
tallized three times from a water-acetone mixture. Drying and 
storage were as described for MV. Solution concentrations were de­
termined spectrophotometrically at 309 nm using c = 19,000 M"1 cm·1 
( 4). 
8. Miscellaneous Reagents and Materials 
Nitrogen, prepurified grade, was supplied by Airco, Richmond, 
VA. It was first passed over copper turnings heated to 500°C in a 
Vycor vertical tube furnace (Sargent-Welch S-36517) in order to re­
move residual oxygen. Next it was presaturated by bubbling through 
the best available water in a gas washing bottle with a coarse 
porosity fritted cylinder (Corning 31770). 
Epoxy cement was from Hysol Div{sion, Dexter Corp., Olean, NY. 
Teflon tape was obtained from Dilectrix Corp., Lockport, NY, in 
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nominal thicknesses of 0.002, 0.003, and 0.005 inches. 
All other chemicals were ACS Reagent Grade or equivalent. 
9. Electrode Materials 
Fluoride doped tin oxide and tin doped indium oxide OTEs were 
obtained from PPG Industries, Pittsburgh, PA, in 12" x 12" x 1/8" 
plates. Electrodes were cut to size using a glass saw. Standard 
pretreatment consisted of four successive five-minute sonication 
treatments: alconox/distilled water, 95% ethanol, distilled water, 
dis t i 11 ed water. 
Uncoated gold MPOTE (Intrex-G) material, manufactured by 
Sierracin Corp., was supplied by Neal Armstrong (U. of Arizona). 
The substrate/backing was optical grade polyester film. 
Gold minigrid OTE material was purchased from Buckbee-Mears, 
St. Paul, MN. It exhibited 200 wires/inch, a transmittance of 67% 
and a nominal thickness of 10-4 inches. The geometric surface 
area, the real surface area, and the surface roughness factor were 
determined for this material as described in Appendix IV. Stand­
ard pretreatment consisted of a ten minute exposure in a Harrick 
Plasma cleaner. A power setting of 2 (�. 14 W) was used, and the 
inlet needle valve was adjusted until the air bleed resulted in a 
bright pink plasma color. In the rare event that the minigrid had 
some discoloration before plasma cleaning, a 95% ethanol rinse was 
used to remove it. If discoloration persisted, the minigrid was 
not used. 
Gold foil was also from Buckbee-Mears Co. and was subjected to 
the same pre-treatment as the minigrid. Appendix IV provides de-
tails of surface roughness determinations. Since the gold foil, 
as well as the minigrid, is electroformed, there exists a bright 
smooth side and a dull rough side. During manufacturing, the 
smooth side is the substrate side and the rough side is the bath 
side. 
Silver wire, purchased from Alfa Division, Ventron Corp., 
Danvers, MA, had a diameter of 0.50 mm and a metallic purity of 
99.9%. Platinum thin film OTEs were fabricated from glass micro­
scope slides by F. M. Hawkridge per published procedures (5). 
Platinum wire, 24 gauge, was obtained from Engelhard Industries, 
Inc., Newark, NJ. 
B. Instrumentation 
1. Potentiostats 
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For single potential step or poised potential experiments, 
either a standard operational amplifier circuit (6) or a compara­
ble circuit with a McKee-Pedersen 1026A Op Amp/Potentiostat 
(McKee-Pedersen Instruments, Danville, CA) as the control amplifier 
(7) was used. 
For linear sweep or cyclic voltammetry experiments either a PAR 
174 (Princeton Applied Research, Princeton, NJ) or one of the above 
circuits with a linear ramp input to the control amp was used. 
For asymmetric double potential step experiments, the circuit 
shown in Figure 10 was used. Potentials in a single experiment were 
controlled as follows: 1) for t< to, the rest potential, Er, is 
controlled by E1; the relay is closed and Ez = 0 V; 2) at t = to, a 
Figure 10. Circuit diagram for asymmetric double potential step 
experiments. Component values are: Rl, 10.0 K ; 
R2, 50. 0 K ; R3, 1 0. 00 K ; Re 1 ay, 5 V, SPST, 1 ms 
activation time. 
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square wave of duration T is applied at E2; it changes the applied 
potential to Ef and closes the relay; 3) between to and t1, a pre­
selected value of E3 is switched on such that 4) at t = t1, the 
falling square wave closes the relay and E3 is added to Er to give 
the desired backstep potential Eb; 5) after 12 has elapsed, E3 is 
switched again to 0 V. The value of E4 is preset such that the 
square wave opens and closes the relay as desired. 
2. Spectrophotometers 
Either a Beckman Acta MVII Spectrophotometer or a Harrick Rapid 
Scanning Spectrophotometer was used for spectrophotometric measure­
ments. 
3. Recorders 
XY recorders included: Houston Series 2000 Omnigraphic, Hew­
lett-Packard 7035 B, Hewlett-Packard 7015 B, and an MFE 815 Plota­
matic. Strip chart recorders were Houston Series 5000 Recordalls. 
4. Signal Generators 
For potential step and linear ramp waveforms the following were 
variously used: Hewlett-Packard 3300 A, Tektronix FG501, or in­
house constructed operational amplifier circuits. 
5. pH Measurements 
A Fisher Accumet Model 210 was used for pH as well as potentio­
metric measurements. These combination glass electrodes were em­
ployed: 1) standard (Sargent-Welch S-30072-15), 2) 6 mm semi-micro 
(Corning 476223), and 3) 3 mm miniature (Sargent-Welch S-30070-05). 
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The latter two allowed continuous pH monitoring during experiments 
utilizing the cell shown in Figure 14. 
6. Miscellaneous 
Operational amplifiers were Telehyne-Philbrick Models 1026 or 
1009. The plasma cleaner was from Harrick Scientific, Ossining, 
NY. The ultrasonic cleaner ( Branson ) had a power of 125 watts at 
60Hz. 
C. Cells for Electrochemistry and Spectroelectrochemistry 
1. Standard OTE Cell 
This versatile cell, shown in Figure ll, was originally pub­
lished in 1972 (8). It is best used with planar OTEs, provides 
single-sided diffusion, and is deoxygenated with standard vacuum/ 
nitrogen cycling procedures (8). The path length is ca. 1.3 em 
and 2 - 3 ml of solution is required for filling. 
2. Double-Sided OTE Cell 
This cell, developed for use with minigrid electrodes, is shown 
in Figure 12. The rationale for its development arose from ambigu­
ities associated with the use of minigrid electrodes in the Stand­
ard OTE configuration ( 9) . In that configuration, a minigrid elec­
trode which is Teflon-taped against a quartz plate comprises the 
OTE. A circular hole which is precut into the tape provides the 
window for optical measurements. However, due to uncertainty with 
regard to minigrid planarity, this design was abandoned. 
This problem was overcome by suspending the electrode as shown 
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Figure 11. Standard OTE cell. a) faceplate/holder, b) OTE working 
electrode, c) brass contact, d) 0-ring, e) Lucite cell 
body, f) inert valves, g) quartz window (epoxied in 
place), h) light path, i) internal auxiliary electrode. 
Neither the external auxiliary, which is attached to 
one of the side valves, nor the Ag/AgCl reference elec­
trode, which is attached to the top valves, are shown. 
(From reference (8)). 
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Figure 12. Double-sided OTE cell (cross-section). Cell body is 
identical to part (e) in Figure 11. 
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in Figure 12, thus providing the condition of double-sided diffu­
sion. Theoretical treatments for planar OTEs (10, 11) are readily 
adapted to this situation by simply multiplying the expected ab­
sorbance response by two. 
Assembly of the double-sided cell was difficult. Sandwiching 
the minigrid between the two prepunched Teflon tape pieces could 
easily lead to tearing of the minigrid. Final assembly required 
alignment of four major parts of the cell and use of fast-drying 
epoxy to seal the auxiliary Lucite body to the teflon tape. A 
final problem concerned flushing the cell, e.g., after electrode 
modification, particularly the newly created secondary working 
cavity body which had no outlet. This problem was solved by dril­
ling the secondary body and epoxying a cappable syringe in place. 
Flushing both cell cavities was then possible and no minigrid dam­
age was observed as a result of solution flow between the two cavi­
ties. 
3. Light Pipe OTE Cell 
Shown in Figure 13, this cell is useful for spectroelectro­
chemical work when reduction of background absorbance at the moni­
tored wavelength is desired. The original design concept is due 
to Shu and Wilson (12) and it has been used successfully elsewhere 
(13). Assembly and use was essentially the same as with the stand­
ard OTE Cell although the path length was reduced to ca. 0.07 em. 
The reversible one-electron reduction of the diquat dication (14) 
was used to verify that iR drop effects were negligible for typical 
Figure 13. Lightpipe OTE cell (cross-section). Assembly is iden­
tical to cell shown in Figure 11. 
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potential step experiments with cytochrome£ and myoglobin solu­
tions. 
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The light pipe, a 6 mm diameter quartz rod with both ends pol­
ished to optical quality, was purchased from ESCO Products , Oak 
Ridge, NJ. Epoxy was used to seal the quartz rod in place. 
4. Blanketed OTE Voltammetry Cell 
A need arose for a voltammetry cell which could accept planar 
OTEs while retaining the option of adding reagents, e.g., salts, 
protein, acids, to the cell contents. The cells shown in Figures 
11 and 13 are unsuitable for this purpose because they are sealed 
during operation. Shown in Figure 14 is a cell which successful­
ly met this purpose. The OTE is mounted on the gide with an 0-ring 
seal. The auxiliary electrode is isolated from the working cavity 
by a porous Vycor disk epoxied in place. A nitrogen bubbling tube 
is used to purge the buffer of dissolved oxygen and then is raised 
to provide an inert blanket during the remainder of the experiment. 
Other openings in the top cover provide for the reference electrode, 
a pH electrode, and for addition of reagents. A stir bar is also 
accommodated. The exposed area of an OTE in this cell was geomet­
rically measured to be 1.23 cm2• 
D. Techniques and Procedures 
1. Single Potential Step Chronoabsorptometry (SPS/CA) 
Single potential step chronoabsorptometry was performed with 
the cell shown in Figure 12 for minigrid OTEs and either of the 
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Figure 14. Nitrogen-blanked voltammetry cell for use with planar 
OTEs. Top view is of cell body. Side view shows as­
sembled cell with cross-sectioning only of the cell 
body. a) position and circumference of reference elec­
trode, b) position and circumference of nitrogen tube, 
c) position and circumference of pH electrode, d) pH 
electrode, f) rectangular cover plate (four 4/40 screws 
not shown), g) Viton-0-rings, h) rectangular OTE re­
tainer plate (four 4/40 screws not shown), i) nitrogen 
purge/bubbling tube, j) platinum auxiliary electrode, 
k) OTE working electrode, 1) l/8 inch porous Vycor disk 
(epoxied in place), m) Lucite cell body. Dimensions 
are in inches. The 0.38 inch dimension is nominal di­
ameter of the exposed OTE surface area. 
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cells shown in Figures 11 and 13 for planar OTEs. The asymmetric 
double potential step version of this experiment, ADPS/CA, was per­
formed only with planar OTEs and therefore, the latter two cells 
were used. Procedures for setting up experiments and acquiring 
data are similar for these techniques. The following description 
is given for reductive SPS/CA. At the end of this section, ADPS/ 
CA and oxidative SPS/CA procedures are described. 
Following OTE pretreatment or modification ( see appropriate 
sections) the cell was assembled and evacuated using the vacuum/ 
nitrogen train per established procedures (8). Nitrogen and vac­
uum were cycled a minimum of three times, 5 - 10 seconds each time, 
and then vacuum was applied for 30 minutes to the cell interior. 
The external auxiliary electrode arm was then deoxygenated by three 
vacuum/nitrogen cycles, leaving�· 4 psi nitrogen pressure upon 
closing the auxiliary valve. Oxygen was removed from the reference 
electrode arm by flowing nitrogen through this cavity for 20 - 30 
seconds, after which the cap was pressed tight and the reference 
valve was closed. 
The cell, containing ca. 4 psi nitrogen, was then removed from 
the vacuum/nitrogen train with all three valves closed. A 3 ml 
portion of oxidized protein solution was introduced into the de­
gassing bulb by syringe, and the assembly was reconnected to the 
train. Three cycles of 15 s vacuum and 5 s nitrogen were applied 
to the solution in the degassing bulb and the cell was filled as 
described (8). If solution foaming was severe during deoxygena­
tion a larger number of vacuum cycles of shorter duration was used, 
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but with a total exposure time again of ca. 45 s. 
A modification of the original filling sequence (8) was found 
to eliminate almost totally the problem of gas bubbles in the ref­
erence or auxiliary arms of the cell. After solution has been 
successfully introduced into the main cell cavity under nitrogen 
pressure and the stopcock on the degassing bulb has been closed, 
the cell assembly is removed from the train and the following 
steps are performed: 1) close valve to degassing bulb, 2) com­
pletely open valve to auxiliary arm, 3) insert syringe tip in 
auxiliary serum cap to relieve pressure, 4) fill auxiliary arm to 
separation frit by carefully opening and closing the degassing 
bulb valve, 5) reclose auxiliary valve, 6) fill outer compartment 
of auxiliary arm with desired electrolyte using a syringe, 7} re­
move syringe tip from serum cap, 8) completely open valve to ref­
erence electrode, 9) fill to desired level, again using the de-
gassing bulb valve, 10) close reference valve and relieve pressure 
in reference cavity by momentarily lifting the ground glass cap, 
11) repeat steps 8- 10 if necessary to achieve desired solution 
level, 12) open valves to auxiliary and reference electrodes after 
ensuring that the degassing bulb valve is closed and that the 
pressures are equilibrated with the atmosphere as just described, 
13) check conductivity between the three electrodes, 14) remove 
the degassing bulb. The major procedural difference between these 
methods is the use of the degassing bulb valve to control filling 
of the auxiliary and reference arms, rather than the individual 
valves associated with each arm. 
The cell was next aligned in the spectrophotometer and the 
wavelength was set for detection of the reduced proteins, ferro­
cytochrome� or myoglobin. Wavelengths and their respective 6£ 
values used were: for cytochrome�· 550 nm and 21,100 m-1 cm-1 
(2) or 416 nm and 57,000 M-1 cm-1 (15), and for myoglobin, 434 
nm and 96,700 m-1 cm-1 (3}. The WE was initially potentiostat­
ted at an oxidizing rest potential, typically 530 mV. A family 
of SPS absorbance� time, A-t, transients were then acquired 
for a series of reducing potential steps which, taken together, 
spanned the electron transfer kinetic domain from no reaction 
to the diffusion limited case (see Theory Section). Potential 
steps were applied in a random order. Following each potential 
step, the WE was held at the rest potential for 10 - 15 minutes 
to allow the perturbed solution to return to original condi­
tions. See Figure 20 for typical A-t transients. Current vs 
time behavior was also recorded for each potential step. 
Protein concentration in each experiment was determined 
spectrophotometrically as described under Reagents and Materi­
als. The excess deoxygenated solution which remained in the de­
gassing bulb following cell filling was used for this purpose. 
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Determination of k0 and a from a family of reductive A-t 
transients, following the theory of Albertson et �· (11) as sum­
marized in Chapter II, requires that a kf value be calculated for 
each A-t transient. Baseline data were acquired for ca. 5 s pri­
or to each potential step experiment. Using a flexible curve, 
the best smooth curve was drawn through the transient to attenu-
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ate noise. Next, the values of absorbance for six evenly spaced 
time increments for the smoothed A-t curve were measured and tabu­
lated. For data obtained with planar OTEs, total step duration 
was usually 18 s, and measured points were therefore spaced 3 s 
apart. 
The situation is more complex for minigrid electrodes, which 
are not truly planar electrodes as required by theory ( 1 1). How­
ever, they do behave as planar electrodes after a sufficient time, 
thf' has expired following the application of a potential step. 
This time corresponds to the completion of the process of "hole 
filling", the holes being defined by the wires in the mesh elec­
trode. Petek et �· (16) have described this behavior in a quanti­
tative manner, and its application to myoglobin spectroelectrochem­
istry has been given (9). In practice, for a myoglobin A-t transi-
ent obtained with a 200 wires/inch minigrid, the transient duration 
was 60 s but only data corresponding to times � 30 s were used for 
analysis. Data points were consequently taken at 6 s intervals 
from 30 to 60 seconds. 
Each of the six A-t data pairs associated with a particular 
transient were next used to compute the forward heterogeneous elec­
tron transfer rate constant, kf,h' as described in Chapter II ( 11, 
9). By averaging the six resultant kf,h values, which ideally 
should be identical, an average kf,h and standard error for a par­
ticular transient and overpotential were obtained. Computation of 
individual kf,h values from A-t data pairs was performed either 
manually with a tabulated working curve or by computer (1 1). Val-
ues of the diffusion coefficients used in these calculations were 
1.1 x 10-6 cm2/S for cytochrome£ (17), and 1.14 x 10-6 cm2/sec 
for myoglobin (18). 
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Values for ko and a were determined from linear regression of 
the log kf,h 
Yi· n data. Duplicate or triplicate transients were 
always obtained for each value of n, thus resulting in two or three 
averaged kf,h values for each n. These multiple values were aver­
aged before linear regression. Normal statistical methods (21) 
were employed to calculate the standard errors associated with the 
y-intercept, which is the value of log k0, and the slope of the re­
gression line. The standard error associated with a is determined 
from this latter number since a = 2.3�3nF (slope). 
The oxidative SPS/CA experiment was performed for cytochrome £ 
using the fluoride-doped tin oxide OTE and the Figure 13 OTE cell. 
Data acquisition and analysis are basically the same as described 
for reductive SPS/CA. Ferrocytochrome £was electrogenerated � 
situ from ferricytochrome £through application of -0.37 V for�· 
3.5 hours under stirred conditions and quantitative conversion was 
verified spectrophotometrically. During the SPS/CA experiment, 
the WE rest potential was -0.37 V and positive overpotential steps 
were applied. Absorbance changes at 446 nm were monitored and a 
IJ.£ i e E - E d of 11,200 W1 cm-1 
was used in calculations. 
' 
· 
·' ox re ' 
This t::.£ value was spectrophotometrically determined by comparison 
with the 550 nm redox change and its associated IJ.E of 21,000 M-1 
cm-1 (2). The A-t transients were analyzed as described above to 
yield kb,h 
values, the electron transfer rate constants for ferro-
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cytochrome£ oxidation. The ko and a parameters were obtained from 
log kb,h 
vs n plots. 
2. Asymmetric Double Potential Step Chronoabsorptometry (ADPS/ 
CA) 
For cytochrome£ ADPS/CA, the experimental procedures were simi­
lar to reductive SPS/CA. The WE rest potential was +0.63 v, and the 
ADPS potential waveform application was described in conjunction 
with the circuit shown in Figure 10. The forward step was used to 
drive the reduction of ferricytochrome £at a diffusion-controlled 
rate while the backstep potential was varied to cover the oxidation 
kinetic regime. To obtain kb,h 
values a finite-difference computer 
simulation program was used to provide best-fit theoretical respon­
ses for the experimental transients (20). Values of k0 and a were 
then calculated from log kb,h 
� n plots as described above. 
3. Linear Sweep and Cyclic Voltammetry 
These experiments were conducted with planar electrodes and for 
the most part with cytochrome£ using the cell shown in Figure 14. 
Buffer was first deoxygenated with nitrogen bubbling in a separate 
bottle and 5 ml was then introduced into the cell. The auxiliary 
chamber was filled to the same level with deoxygenated buffer. A 
syringe tip was inserted temporarily through the AE serum cap to 
prevent any pressure buildup. Buffer solution in the WE chamber 
was then nitrogen bubbled for another 20 minutes and then blanket­
ed. Weighed cytochrome£ was added through a hole in the cover 
plate, allowed to dissolve undisturbed, and then stirred for a few 
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seconds with a magnetic stir bar. 
CVs with scan rates ranging from 5 to 500 mV/s were then ac­
quired. Kinetic parameters were extracted from these data using 
the method described by Nicholson (21). Diffusion coefficients 
were determined using the Randles-Sevcik equation (7). Peak cur­
rents for these calculations were background corrected by per­
forming identical experiments with buffer only. 
4. Derivative Cyclic Voltabsorptometry (DCVA) 
DCVA (22), which is an optical analog of cyclic voltammetry, 
involves the application of a triangular voltage waveform to a 
planar OTE while monitoring absorbance at a wavelength character­
istic of an electrode reaction product. Data are displayed as 
the derivative of absorbance with respect to potential, i.e., dA/ 
dE, versus potential. The DCVA data herein were acquired and ana­
lyzed using a computer-interfaced single-beam spectroelectrochemi­
cal system in H. N. Blount's laboratory at the University of Dela­
ware (22). Kinetic parameters were determined by best-fitting 
digitally simulated responses to the experimental data (22). 
5. Gold Electrode Modification (MVMG Electrode) 
The procedure used for modifying a gold surface to create the 
MVMG electrode is as follows. First, the gold electrode was plas­
ma cleaned for ten minutes. The solution used for modification 
was deoxygenated 1.0 mM methyl viologen, 0.10 M phosphate, 0.10 M 
NaCl, pH 7 .0. The procedure was: 1) connect WE at E = -0.72 V 
and hold for 5.0 minutes, 2) step E to +0.43 V and hold for 10.0 
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minutes, 3) disconnect the WE. The cell was drained, flushed thor­
oughly using water and an aspirator, and dried for 30 minutes under 
vacuum. 
6 .  Ag/AgCl Reference Electrode Preparation and Calibration 
A silver wire, 0.50 mm diameter, was cleaned in nitric acid or 
with Alconox solution and a Scotchbright pad. Anodization was per­
formed in 6 M HCl by applying for several minutes a potential such 
that a slow but steady evolution of hydrogen gas was observed at a 
Pt wire counter electrode. After rinsing with water, the electrode 
was left to age in air for one or two days before use. 
The potential of the Ag/AgCl (1 .00 M KCl) electrode was meas­
ured routinely against a Pt wire in a quinhydrone solution of known 
pH (23), typically 6 or 7. Values obtained were generally between 
+0.225 and +0.235 V. Liquid junction effects can be eliminated by 
performing this measurement in the buffer/electrolyte solution used 
for a given experiment. 
7. Cytochrome� Chromatographic Purification 
The procedure used was a modification of the one described by 
Brautigan et �· (1). Initially a 100 mg sample of ferricytochrome 
�(Sigma, Type VI) was purified. Subsequently, an 800 mg sample of 
ferricytochrome �was purified. The elution profiles in both puri­
fications agreed with published descriptions (1). The following de­
tailed description is given for the 800 mg purification. A compari­
son of the two purifications is given later. 
Pre-swolle� carboxymethyl cellulose cation exchange resin (CM-
52, Whatman) was equilibrated in pH 7.00, 40 mM phosphate buffer in 
175 
a 1000 ml beaker by stirring with a glass rod, allowing the resin to 
settle, and pouring off the supernatant. No further pH changes were 
noted after repeating this procedure three additional times. Buf­
fers were prepared in Milli-Q water. 
The equilibrated resin was poured as a slurry into a glass col­
umn of 2.5 em i .d. and 50 em length (Bio-Rad 738-0005 Econo-Column) 
equipped with a flow adaptor (Bio-Rad 738-0017). The packed resin 
volume was approximately 230 cm3• The packed column, one liter 
quantities of 40 mM and 90 mM sodium phosphate buffers (both pH 
7.00), and a quantity of Milli-Q water were equilibrated at 4°C. 
All steps after this point were performed at 4°C, except lyophiliza­
tion. 
Approximately 50 ml of additional 40 mM buffer was passed 
through the column, and the buffer level was then dropped and held 
just barely above the resin. Approximately 8 ml of 10 mM cyto­
chrome c in Milli-Q water was gently added to the column with a 
Pasteur pipet. (This solution had been prepared previously by dis­
solving 800 mg of cytochrome£ to a final volume of�· 8 ml using 
a vortex mixer). Flow was resumed until the solution and resin 
levels were again even. Several milliliters of 40 mM buffer were 
added, and a 40 ��to 90 mM linear concentration gradient elution 
was initiated. A double-reservoir system consisting of two l l 
glass bottles connected near their bases was used to effect the gra­
dient. The primary reservoir, which supplies eluent directly to the 
column via gravity-feed suction, was initially filled with�· 800 -
900 ml of 40 mM buffer. This reservoir was continuously stirred us-
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ing a magnetic stirring bar. The secondary reservoir was originally 
filled to a comparable level with 90 mM buffer. Once this gradient 
neared its completion, both reservoirs were refilled with 90 mM buf­
fer to finish the elution. Column flow was approximately 55 -60 ml/ 
hr except during hours 6 - 14 when it was intentionally changed to 
ca. 43 ml/hr. 
Fractions were collected with a Gilson Model FC-100 K fraction­
ator ( Gilson Medical Electronics, Middleton, WI). Fraction volumes 
of 15 - 20 ml were found to be appropriate. Seven chromatographic 
bands could be observed visually and these are indicated in Table 
2 along with their respective approximate elution volumes. Figure 
15 shows the elution profile of bands 3 and 4, the latter being 
the native cytochrome� band. Also designated in this figure is 
the center portion of the native band which was eventually used in 
electrochemical experiments. 
Of this 180 ml volume, 30 ml were sealed in a serum bottle 
( Wheaton ) and stored at -l5°C. The remaining 150 ml volume was con­
centrated using a stirred ultrafiltration cell (Amicon Model 52, 
60 ml, 43 ITITl dia. ) with a UM2 filter. It was later found that the 
YM5 filter is more appropriate for this task because of its sig­
nificantly higher flow rate with only slightly reduced filtration 
efficiency. 
The concentrated sample was dialyzed against unstirred 10 t vol ­
umes of deionized water which had been pre-equilibrated to 4oc. 
The water was changed once/day for seven days. A comparison of con­
ductivities of dialysis water and unused water showed no difference 
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Figure 15. Chromatography of commercial cytochrome c. See text for 
details. Each circle is the absorbance of a particular 
fraction measured at 530 nm in a 1 .00 em cuvette. The 
large peak is the native band (Band 4). The volume be­
tween and inclusive of the arrows is Band 4(b) of Table 
2, and was used in electrochemical experiments. The 
partially overlapped band at ca. 1500 ml is Band 3 of 
Table 2. 
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at this point. The dialysis tubing (Spectrapor #132720, Spectrum 
Medical Industries, Los Angeles, CA) was 18 mm wide and had a nominal 
molecular weight cut-off of 3500 daltons. Before using, the tubing 
was washed for 2� hours in flowing Milli-Q water and stored overnite 
in the same medium. 
For lyophilization, the dialyzed sample was poured into a 300 ml 
lyophilization vessel and then frozen into a thin film by rotation of 
the vessel while immersed in an isopropanol/dry ice bath. Lyophili­
zation was initiated immediately after freezing and terminated ca. 
24 hours later. The solid sample was subsequently stored at ca. 
-l5°C until its use in electrochemical experiments. 
Spectroscopic measurements were made on a 61 � solution of the 
above sample dissolved in Milli-Q water. In a 1.00 mm cuvette, the 
ratio of the absorbance of ferrocytochrome �at 550 nm to the absorb­
ance of ferricytochrome �at 280 nm was 1.23 versus a literature val­
ue of 1.25 (1). Dithionite was used to obtain the reduced sample. 
In a reduced volume 1.00 em cuvette, the molar absorptivity of ferri­
cytochrome �at 695 nm was measured as 923 M-1 cm·1, a value indica­
tive of the integrity of the methionine-SO/iron bond (24, 25). 
As mentioned earlier in this section, a 100 mg sample was puri­
fied initially. The major chromatographic difference between this 
purification and the scaled-up version was that bands 3 and 4 were 
significantly better separated than shown in Figure 15 for the 800 mg 
purification. There are at least two factors which may account for 
this difference. First, the protein/resin ratio was smaller for the 
100 mg experiment, i.e., 2.7 versus 3.5 mg cytochrome £1ml resin. 
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And secondly, the concentration elution gradient was less steep in 
the 100 mg experiment relative to the amount of protein purified. 
Two 500 ml joined reservoirs were used for the gradient in the 100 
mg experiment whereas reservoirs only twice that size were used in 
the 800 mg experiment. Appropriate adjustment of either of these 
factors would improve the chromatographic resolution. 
There were a number of other differences with the 100 mg puri­
fication relative to the scaled-up version: 1) The cytochrome c 
was put on the column in pH 7.00, 40 mM phosphate buffer rather 
than in Milli-Q water; 2) the column diameter was smaller, i.e., 
em� 2.5 em; 3) the center portion of the native band was not con­
centrated before lyophilization; 4) dialysis lasted 4 days with 5 
water changes; 5) the dialysis tubing was soaked for about one hour 
in deionized water before use, and 6) the chromatogram was continu­
ously monitored at 360 nm, 0- 2 AU full scale, 5 mm pathlength 
(ISCO Model 328 Fraction collector). 
The other bands from the 800 mg experiment were retained as 
shown in Table 1. The leading edge of the native band was processed 
in an identical fashion as was described above for the center por­
tion. 
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Table 2. Chromatographic Bands Detected for Cytochrome c 
Band 
� 
Effluent Vol., mlb 
De ami dated (?) 130 
2 Oeamidated 1190 
3 Deamidated 1530 
4a Native-leading -
4b Native-center 1620 
4c Native-trailing -
5 Polymeric 2800 
6 Polymeric d 
7 Polymeric(?) e 
a. See Reference (1). 
b. At absorbance maximum of chromatographic peak. 
c. No additional treatment before freezing except for 4a and 4b. 
continued 
Volume of 
Fraction, ml 
9 
190f 
13of 
90 
180 
3 75f 
425f 
125g 
259 
Fatec 
-l5°C 
-l5°C 
-15°C 
same as 4{b) 
see text 
-l5°C 
-15 oc 
-l5°C 
-15°C 
o:> 
w 
Table 2 (continued) 
d. Very broad band which was extracted from removed resin with 0.7 M NaCl. 
e. Material which remained at resin bed surface. Extracted as in (d). 
f. Volume retained; contains estimated 90 - 95% of total material in the band. 
g. Volume from extractions; see footnotes d and e. 
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CHAPTER IV - RESULTS 
A. Cytochrome£ (Purified) 
1. Effects of Sample Purification 
One of the major findings of this work is that purification of 
cytochrome£ as described in Chapter III results in dramatic im­
provement with regard to its voltammetry at solid electrodes. If 
solid Type VI ferricytochrome c as purchased from Sigma Chemical 
Co. is dissolved in Nz-outgassed buffer, the CV behavior shown in 
Figure 16A is typically obtained for indium oxide OTEs. As time 
passes, the reaction becomes progressively more irreversible until 
finally it exhibits a stable, reproducible response. For the ex­
perimental data shown, the formal rate constant changes two orders 
of magnitude from an initial value of� 5 x 10-3 cm/s to a final 
value of about 6 x lo-s cm/s (l). Although a detailed concentra­
tion study was not performed, higher sample concentrations seemed 
to decrease the time required to reach steady-state response. 
Similar results were obtained with tin oxide electrodes as 
shown in Figure 16B. The kinetics were slower initially and also 
upon reaching steady-steady conditions. At a scan rate of 10 mV/ 
s the final steady state �Ep values were�· 0.25 V for indium ox­
ide and about 0.4 - 0.5 V for tin oxide. The equilibration process 
typically required one to two hours in quiet solution. 
Cyclic voltammetry with purified cytochrome c, on the other 
hand, showed much more reversible responses which changed little 
during an experiment. Typically, 20 to 30 scans were acquired at 
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Figure 16. Cyclic voltammetry of commercial cytochrome c at metal 
oxide electrodes. Solutions contained 100 �1 cyto­
chrome£, 0.21 M tris, 0.24 M cacodylic acid, pH 7.0, 
0.20 M ionic strength. Electrode area = 1.23 cm2, v = 
10 mV/s. 
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A) Tin doped indium oxide. (a) initial CV taken imme­
diately upon dissolution of solid cytochrome c sam­
ple; (b) CV taken 10 min. after (a); (c) CV taken 
20 min. after (a); (d) CV taken 40 min. after (a); 
the CV taken at 30 min. after (a) not shown; subse­
quent scans were identical to (d). 
B) Fluorine doped tin oxide. (a) initial CV; (b) 10 
min. after (a); (c) 20 min. after (a); (d) 30 min. 
after (a); (e) 60 min. after (a); CVs at 40 and 50 
min. are not shown; subsequent scans were identi­
ca 1 to (e) . 
I I.O�A 
0 
I 1.0 )JA 
0 
A. 
0.3 0.2 0.1 0.0 
E (V vs NHE) 
B. 
E (V vs NHEl 
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indium oxide with only minor changes in the positions of the peaks. 
Minor changes are considered here to be total peak position shifts 
of less than 5 mV at 20 mV/s scan rates. Typical CV responses are 
shown in Figure 17A. Purified cytochrome£ was also well-behaved 
at tin oxide. Peak positions sometimes varied as much as 10 - 15 
mV at 20 mV/s scan rates over the course of acquiring 20 - 25 CVs. 
In the following subsections, results obtained with purified 
cytochrome£ are considered first, although they fall last chrono­
logically. Nearly all of these experiments employed cyclic voltam­
metry with the cell shown in Figure 14. The results with commer-
cial cytochrome£ were obtained mainly using chronoabsorptometry, 
both SPS/CA and AOPS/CA. 
2. Cyclic Voltammetry and OCVA of Purified Cytochrome£ at In­
dium Oxide OTEs. 
Typical cyclic voltammograms are shown in Figure 17A, and cal­
culated rate parameters are given in Table 3. The values of 
(E + E )/2 always fell between +255 and +265 mV, which is in p,c p,a 
agreement with the accepted E0' of cytochrome £• +260 mV (2). The 
dependence of the rate constant on cytochrome£ concentration is 
evident in Table 3, with increasing reversibility noted as the con-
centration is lowered. 
Another observation concerns the seventh entry in Table 3 for 
which the indium oxide OTE was presoaked in buffer before using. 
Within experimental error, i.e., ± 2- 3 mV, the CV reduction peak 
potentials were invariant for scan rates ranging from 10 to 500 
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Figure 17. A. Cyclic voltammetry of purified cytochrome c at a tin 
doped indium oxide OTE. Solution contained 73 � 
cytochrome c, other solution conditions are the same 
as in Figure 1. Electrode area = 0.71 cm2• Poten­
tial scan rates in mV/s are: (a) 100; (b) 50; (c) 
20; (d) 10; (e) 5.0; (f) 2.0. 
B. Derivative cyclic voltabsorptometry of purified cy­
tochrome c at a tin doped indium oxide OTE. Same 
conditions as described in Figure 17A. Circles are 
calculated DCVA responses for 73 � cytochrome c, 
E0' = 0.260 V vs NHE, n = 1 .0, diffusion coeffici­
ent of oxidized cytochrome c = 1.2 x 10-6 cm2/s, 
formal heterogeneous electron transfer rate constant= 
1.0 x 10-3 cm/s, a = 0.5. 
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Table 3. 
[Cyt. t.], J.Jf-1a 
28.8 
35.8 
35.8 
39.9 
73 
300 
35.8 
73 
300 
Heterogeneous Electron Transfer Kinetic Parameters for Purified Cytochrome c 
at Tin Doped Indium Oxide OTEs 
-
OTE n/n b c k0, cm/sd Pretreatment Cell \) tw, mV/s 
Standarde Figure 14 5/3 50-200 1 .1 (±0.2) X 10-2 
Standarde Figure 14 9/5 10-200 4.7 (±1.3) X 10-3 
Standarde Figure 14 3/3 50-200 6.1 (±0.2) X 10-3 
Standarde Figure 14 7/5 20-200 3.0 (±0.3) x lo-3 
Standarde Figure 13 10/6 5-200 1.8 (±0.2) X 10-3 
Standarde Figure 13 8/6 5-200 8.1 (±0.4) X 10-lf 
Soakf Figure 14 - 10-500 > 10-z 
HzO Soakg Figure 13 7/5 10-200 2.1 (±0.3) X 10-3 
HzO Soakg Figure 13 7/5 5-100 6.9 (±0.6) x 10-4 
a. In 0.24 M cacodylic acid, 0.21 M Tris, pH 7.0, � = 0.20 M, deaerated, Milli-Q water. 
�0 
-1.96 
-2.33 
-2.21 
-2.52 
-2.74 
-3.09 
> -2 
-2.68 
-3.16 
b. Total number of scans used to calculate ko is n; the number of different scan rates is designated by 
nv. 6Ep values were averaged for identical scan rates. 
continued 
1.0 
Table 3 
continued 
c. Total range of scan rates used in calculating k0• 
d. Calculated from 6Ep values with a = 0. 5 (1) and Do= DR = 1.2 x 10-6 cm2/s. Number in parentheses 
is the standard error based on nv input data pairs. 
e. OTE was successively sonicated in Alconox detergent solution, 95% ethanol, and Milli-Q water (twice). 
f. Soaked for 18 days in buffer described in footnote (a) and rinsed briefly in Milli-Q water before use. 
Before soaking, OTE was sonicated 5 min. each in Alconox solution and 95% EtOH. 
g. Soaked for 5 days in Milli-Q water and rinsed briefly with fresh Hilli-Q water before use. Before 
soaking, OTE was sonicated 5 min. each in Alconox solution and 95% EtOH. 
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mV/s. A rate constant could not be calculated from the CV results 
at this electrode, since the maximum peak separation observed, ca. 
60 mV, is too close to the reversible limit. 
The final two entries of Table 3 however, appear to conflict 
with this suggestion of a rate enhancement as a result of electrode 
pre-soaking. Comparison of the rate constants for the two 73 � 
experiments and the two 300 �experiments shows essentially iden­
tical behavior. In each pair of experiments, the electrode pre­
treatment (standard�· soak) was the only experimental difference. 
However, it should be pointed out that for these two soaked-elec­
trode experiments, the soaking medium was water and not buffer as 
was the case for the experiment described in the preceding para­
graph. Also, the cytochrome £concentrations were different. 
Several points need to be mentioned. The CVs shown in Figure 
17A have a peculiar morphology in that the current, upon sweeping 
past the reduction peak on the forward scan, decays much slower 
than typical t� dependence (3). This is because there is some 
overlap with oxygen reduction on the indium oxide surface. Other 
CV experiments with buffer alone indicated that the foot of this 
cathodic oxygen reduction wave originates near +0.2 to 0 V. The 
derivative cyclic voltabsorptometric (DCVA) (4) results shown in 
Figure 178 are optical analogs of the CV results and are sensitive 
only to the cytochrome£ reaction and not to the oxygen reaction. 
DCVA results were obtained only for the 73 � cytochrome£ experi­
ment. DCVA kinetic parameters were obtained by best-fitting theory 
to experiment by digital simulation as shown in Figure 178. The 
1� 
formal rate constants for this experiment obtained from DCVA and 
CV scans showed good agreement: 1.0 x 10-3 cm/s and 1 .8 x lo-a 
cm/s, respectively. 
The accuracy of the formal rate constants determined by CV de­
pends on the accuracy with which one knows the peak potentials. 
For indium oxide CVs , it is estimated that the �E values are p 
known to± 5 mV. As pointed out by Nicholson (1), the relative 
error becomes greater as one approaches reversibility. The stand­
ard deviations given in Table 3 for each experiment are therefore 
somewhat misleading since they do not reflect the effect of un­
known systematic errors in assigning peak potentials. Practically, 
k0 values near lo-z cm/s can only be considered as rough estimates 
which indicate a high degree of reversibility. 
The possible adverse effect of uncompensated resistance on the 
6Ep values was assessed for both cells designated in Table 3. 
Cyclic voltammetry of the reversible methyl viologen dication/mono­
cation couple was used for this purpose. For the Figure 14 voltam­
metry cell, iR effects were negligible for the cytochrome£ experi­
mental conditions. For the light pipe OTE cell (Figure 13) used 
in four of the experiments summarized in Table 3, the effective 
cell resistance was 469 (± 17)Jl as determined from a plot of �EP 
�· �ip as obtained from cyclic voltammetry of methyl viologen. 
Corrections to the cytochrome£ �Ep values were made accordingly. 
The effect on the cytochrome£ electrode reaction of extending 
the potential scan limits to more extreme values than those shown 
in Figure 17A was also investigated with indium oxide electrodes. 
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Extending the forward sweep to -0.43 V had no effect on the cyto­
chrome£ cyclic voltammogram. 14ore negative potentials than this 
were not tried. A series of CVs was also obtained at increasingly 
positive initial potentials. Each of these was held for 2 min. be­
fore initiating the forward sweep. An initial potential of +0.83 
V had no adverse effect. For initial potentials of 1 .03, 1 .23, and 
1.43 V, the reaction became increasingly irreversible. 
Two CV series were used to evaluate the diffusion coefficient 
for ferricytochrome £using the Randles-Sevcik equation (3). Plots 
of ip,c �· v� were linear (r > 0.999) and intersected the origin. 
Individual values of 1.35 x 10-6 cm2/s and 1.14 x 10-6 cm2/s were 
averaged to give the final value used in calculations, 1.2 x 10-6 
cm2/s. Peak currents were corrected for background current by 
graphically subtracting cyclic voltammograms obtained with electro-
lyte alone. 
3. Film Transfer/Cyclic Voltammetry of Purified Cytochrome£ 
at Indium Oxide OTEs. 
Using the cell shown in Figure 14, a set of 10 cyclic voltam­
mograms was initially obtained with an indium oxide electrode 
(standard pretreatment, see Table 3 )  in 36 �1 cytochrome£ solu­
tion. The electrolyte was 0.24 M cacodylic acid, 0.21 M Tris, pH 
7.0, � = 0.20 M. Thereupon, the cell was emptied, rinsed with 
three portions of the same buffer, and refilled with Nz-outgassed 
buffer. The cyclic voltammograms shown in Figure 18 were then ob­
tained. Adsorption of cytochrome£ is evident at ca. +0.245 V on 
Figure 18. 
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Cyclic voltammetry of adsorbed purified cytochrome c at 
a tin doped indium oxide electrode. Electrode area-= 
1.23 cm2• Scan rates in mV/s are shown. See text for 
other details. 
0.5 0.4 0.3 0.2 0.1 0 
E (V vs NHE) 
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1� 
both the forward and reverse sweeps. The passed charge represented 
by the area A in Figure 18 was calculated to correspond to 5,6 x 
10-11 molecules of cytochrome£. 0 Using a surface area of 2000 A2/ 
adsorbed cytochrome£ molecule (5), a coverage of approximately 
l/10 of a monolayer was calculated to be present. Twenty-two CV 
scans later, the response persisted but was reduced in size by 
about �. 
This same cell was next emptied, flushed and filled with Milli-
Q water, and sonicated for 2 min. After again filling with deaer­
ated Tris/cacodylate buffer, cyclic voltammetry gave no evidence 
of the +0.245 V response. 
Finally, this same electrode was exposed for 10 min. to the 
same cytochrome£ solution described in the first paragraph, but 
the working electrode was left disconnected. After emptying the 
cell again, flushing with three portions of buffer, and refilling 
with N2-outgassed buffer, cyclic voltammetry again revealed the 
+0.245 V response. This peak was 1/3 to l/2 as large as the peak 
shown in Figure 18. 
4. Cyclic Voltammetry of Purified Cytochrome£ at Tin Oxide 
OTEs. 
Cyclic voltammograms are not shown but were indicative of a 
somewhat more irreversible reaction. This observation is born out 
by the calculated rate constants for fluorine doped tin oxide OTEs 
shown in Table 4. For comparable cytochrome£ concentrations, the 
k0 value decreases by about one order of magnitude when indium ox-
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Table 4. Heterogeneous Electron Transfer Kinetic Parameters 
for Purified Cytochrome £at Fluorine Doped Tin Oxide OTEsa 
OTE n/n b 
ll'J, mV/sb Pretreatment \) k0, cm/sb log k0 
Standardb 10/5 10-200 6.6 (±0.8) x 1 o-4 -3.18 
Standard 9/5 5-100 5.9 (±0.4) X 1 o-4 -3.23 
Standard 6/6 10-500 6.8 (±1 .3) x 1 o-4 -3.17 
Boiling HzOc 5/4 5-50 1.6 (±0.2) x 1 o-4 -3.80 
EtOH/KOHd 8/5 5-100 3.1 ( ±0. 1 ) x 1 o-4 -3.51 
a. 35.8 �cytochrome c, 0.24 M Cacodylic acid, 0.21 M Tris, pH 7.0, 
� = 0.20 M, deaerated, Milli-Q water. The cell used is shown in 
Figure 14. 
b. See Table 3. 
c. Five minute sonications in Alconox solution and 95% ethanol were 
followed by 20 min. immersion in boiling Milli-Q water. OTE was 
rinsed well with room temperature Milli-Q water before use. 
d. OTE was sonicated successively in 2.5% KOH/ethanol, 95% ethanol, 
and Milli-Q water (twice) for 5 min. each. 
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ide is replaced by tin oxide (compare Tables 3 and 4). 
Tin oxide electrodes were also used to preliminarily assess the 
effects of electrode pretreatment. Subjecting the OTE to either 
boiling water (6) or ethanolic KOH sonication (7) resulted in a 
significant decrease in reaction rate. Details are provided in 
Rows 4 and 5 of Table 4 along with the corresponding footnotes. 
Oxygen reduction had a similar effect on the tin oxide CV mor­
phology as was previously described for indium oxide. Because of 
the more separated and flattened peaks obtained with tin oxide OTEs, 
accurate selection of peak potentials was more uncertain , particu­
larly with regard to the reduction peak. Estimated accuracy limits 
are± 15 mV for the reduction peak and± 10 mV for the reoxidation 
peaks. 
An experiment in which ionic strength was varied was performed 
at a fluorine doped tin oxide OTE which had received the standard 
pretreatment (see Table 3, footnote e). The cell shown in Figure 
14 was used. Solid purified cytochrome£ was first added to Nz­
outgassed 0.0024 M cacocyclic acid, 0.0021 M Tris , pH 7.0, � = 
0.002 M, to give a concentration of 41 �1. Cyclic voltammograms 
were then obtained. Through appropriate additions of either con­
centrated Tris/cacodylate solutions (� = 1 or 2M) or solid buffer 
components, the following ionic strengths were evaluated by cyclic 
voltammetry at the same OTE: � = 0.002, 0.005, 0.010, 0.020, 0.050, 
0.10, and 0.20 M. The k0 at� = 0.002 M was estimated from �Ep 
values obtained at 2 and 5 mV/s to be� 4 x lo-s cm/s, at least an 
order of magnitude smaller than shown in Table 2 for an ionic 
strength of 0.20 M. Increasing ionic strength caused a gradual in-
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crease in reversibility until � 
= 0.05 M (at which k0 � 7 x lo-s 
cm/s). Above this ionic strength, reversibility decreased. These 
results must be considered to be preliminary for several reasons. 
The rate constants were small and difficult to evaluate by the 
6Ep method (1) . Also, only one OTE was used for the successive 
solution conditions. The final condition, � = 0.20 M, afforded 
a ko of only�· 4 x lo-s cm/s. Upon completion of the experiment, 
this final solution was used with a freshly prepared tin oxide OTE 
and resulted in a ko = 4 x 10-4 cm/s, a value similar to those 
given in Table 4. These results clearly indicate that the tin ox­
ide surface was adversely altered during the experiment. Finally 
the morphologies of the cyclic voltammograms at the lowest ionic 
strengths were clearly different from those obtained with the 
more concentrated electrolytes, even though the calculated rate 
constants were similar. In particular, the reoxidation process 
seemed to be much more irreversible for the low ionic strength 
conditions, as evidenced by significantly reduced currents. 
A preliminary experiment was also conducted with regard to 
specific ion effects at tin oxide. For 38 � cytochrome £ in � = 
0.20 M, pH 7.0, Tris/cacodylate buffer, the addition of 10 mM so­
dium phosphate caused an increase in the formal rate constant 
from 2.6 (± 0.3) x 10-4 cm/s to 6.3 (± 0.8) x 10-4 cm/s. Further 
successive additions of 10 mM phosphate and 10 mM KCl had negli­
gible further effect, i.e., k0 values were 6.6 (± 0.6) x 10-4 and 
6.1 (± 0.2) x 10-4 cm/s, respectively. These additions were made 
in the form of concentrated solutions, and pH was monitored con-
tinuously. The initial ko (2.6 x 10-4 cm/s) in this experiment 
is lower than the values in Table 4 because 20 cyclic voltammo­
grams had been previously obtained at this OTE and the kinetics 
had slowed down somewhat with time. 
5. Cyclic Voltammetry of Purified Cytochrome£ at Au and Pt 
Electrodes. 
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The kinetic results are given in Table 5 with electrode prepa­
ration details in the footnotes. With the plasma cleaned gold 
foil, large CV background currents prevented any quantitative 
evaluation of the results. Qualitatively, however, there appeared 
to be a quasi-reversible or reversible redox reaction centered 
near the E0' of cytochrome£· After pretreating a gold foil elec­
trode by electrodic hydrogen evolution, the background currents 
were still significant but much reduced. These data are shown in 
Figure 19. Peak positions were difficult to pinpoint and the 
estimated ko value given in Table 5 is a lower limit. 
The Intrex-G gold MPOTE which was pretreated with a routine 
sonication sequence also appeared to exhibit quasi-reversibility 
with respect to the cytochrome£ redox reaction. The quality of 
the CV data precluded a kinetic analysis. Quasi-reversibility was 
also indicated after nitric acid pretreatment of the Au MPOTE. The 
formal rate constant given in Table 5 for this particular experi-
t · 7 x 10-4 cm/s, was conservatively determined to be ac-men , 1 .e., 
curate to within ± 0.3 log units. 
The aqua regia-cleaned Pt OTE gave CV results similar to those 
Table 5· Heterogeneous Electron Transfer Kinetic 
Parameters for Puri�ied Cytochrome c at Gold and 
Plat1num Electrodesa-
Electrodeb Pretreatment k0, cm/sc 
Au (foil) plasma cleand not evaluated 
Au (foil) Hz evolutione .?._2 X 10-3 
Au (�1POTE) sonicationf not evaluated 
Au (MPOTE) nitric acidg 7 X 10-4 
Pt (OTE) aqua regiah .?._2 X 1 o- 3 
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1 og ko 
-2.7 
-3.2 
-2.7 
a. Same solution conditions and experimental set-up as described in 
footnote (a) of Table 4. 
b. Au foil denotes the dull side (Buckbee-Mears); Au MPOTE is Intrex­
G (uncoated); Pt film is on glass substrate. See Chapter III, Sec­
tion A. 
c. Described in footnote (d) of Table 3. 
d. See Chapter III; 10 min. exposure. 
e. Au foil was plasma cleaned 5 min. and mounted in cell with dull 
side exposed. A solution of 0.07 M phosphate, 0.10 M NaCl, pH 7.0, 
was added and Nz-bubbled for 10 min. A potential of -0.72 V was 
applied for 5.0 min. during which ca. 300 �of h.e.r. current 
flowed. After stepping the potential to +0.53 V for 5 min., the 
cell was rinsed with Milli-Q water. 
f. Successive 5 min. sonications in Alconox, 95% EtOH, and Milli-Q 
water. 
g. Rinsed we 11 with 95% ethano 1 , then water. Immersed for 60 s in warm 
(ca. 70°C) 2 M  HN03 and then rinsed with Milli-Q water. 
h. Dipped in hot aqua regia for 1-2 seconds and rinsed immediately 
with Milli-Q water. Then mounted into cell, which was filled with 
deaerated 0.24 M Cacodylic acid, 0.21 M Tris, pH 7.0. Next +0.03 V 
was applied and held until the current became steady in order to 
reduce the chemically formed oxide. Next +0.63 y was app�ied un�il 
current again became steady. Cell was then empt1ed and r1nsed w1th 
Milli-Q water. See pp. 206-208 of Ref. (3) for additional details. 
Figure 19. 
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Cyclic voltammetry of purified cytochrome c at a bare 
gold foil electrode. Electrode area = 1.23 cm2• Scan 
rates in mV/s are shown. See Row 2 of Table 5 for 
other details. Dotted lines are estimated background 
currents for 20 and 50 mV/s. 
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shown in Figure 19, with one exception. On the forward sweep, 
the resulting peak appeared to be broadened as if two overlapping 
peaks were present. The cause of this morphology is unknown. 
Estimates of the peak currents due to cytochrome £ reduction 
and oxidation at these metal electrodes were made by extrapolat­
ing background currents as shown in Figure 19 for two scans. 
These currents were found to be the same (within ± 20%) as those 
calculated for indium oxide electrodes through subtraction of ex­
perimentally measured background currents. 
B. Cytochrome£ (Commercial) 
1. Reductive SPS/CA Kinetics of Commercial Cytochrome£ at 
Tin Oxide OTEs. 
Detailed procedures for SPS/CA experiments with cytochrome£ 
are given in Chapter III, Section 0. Figure 20 exhibits a typical 
set of absorbance-time transients for ferricytochrome £reduction 
at a fluorine doped tin oxide electrode. These transients were 
obtained at a number of overpotentials and the response shown as 
transient (i) is the diffusion controlled limit. The individual 
kf,h values calculated for transients (a) - (g) are given in Table 
6. Good fit to the SPS/CA theory is indicated by the small stand-
ard errors. This fact is further substantiated by Figure 21, 
which shows the theoretical working curve and the data points from 
several of the transients of Figure 20. 
For each complete experiment, two or three transients were ac­
quired randomly for each overpotential. These multiples indicated 
206 
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Figure 20. Typical SPS/CA absorbance-time transients for the reduc­
tion of commercial cytochrome c. Solution contained 
97.6 �cytochrome�. 0.09 M tris/0.10 M cacodylic acid 
buffer, pH 7 .0, ionic strength = 0.08 M, at a fluorine 
doped tin oxide OTE. Trace/overpotential in mV/transi­
ent number in experimental sequence: (a) -78, #10; (b) 
-128, #6; (c) -178, #20; (d) -228, #14; (e) -278, #18; 
(f) -328, #4; (g) -428, #l; (h) -628, #5; (i) -728, #8. 
These data are from the experiment corresponding to Row 
l of Table 6. 
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Table 6. Individual Heterogeneous Electron Transfer Rate 
Constants for the Reduction of Commercial Cytochrome 
£at a Fluorine Doped Tin Oxide OTEa,b 
-n, mV kf h' cm/s 
78 3.10 (±0.20) x 1 o-s 
128 7.49 (±0.07) x 1 o- 5 
178 l. 51 (±0.02) x 1 o-4 
228 2.68 (±0.03) x 1 o-4 
278 4.53 (±0.07) x 1 o-4 
328 6.21 (±0.02) X 10-4 
428 1 .28 (±0.05) x 1 o- 3 
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a. Rate constants are mean values of five observations taken at equal 
increments over the 6 to 18 second time domain. Parentheses con­
tain one standard error. 
b. See Figure 20 for experimental conditions. 
Figure 21 . 
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!.::: � Normalized absorbance�· log [(kf ht2)02] working curve 
with typical data for the reduction of commercial cyto­
chrome c at a fluorine doped tin oxide OTE. Data shown 
correspond to appropriate transients in Figure 20 and 
were calculated using the kf,h values from Table 6. (): 
11 = -128 mV; A: 11 = -178 mV; o: 11 = -228 mV; e : 11 = 
-328 mV; 6: 11 = -428 mV. 
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� 
very good reproducibility and stability over the duration of the 
experiment, which typically lasted 6 - 8 hours. Sometimes the 
first 2 - 4 transients obtained were not consistent with the 20 -
40 transients which followed. Such anomalous initial transients 
were not analyzed kinetically (see Chapter V). 
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The rate parameters, k0 and a, were determined from linear 
regressions of log kf,h �· nand are presented in Table 7. Dup­
licate experiments, indicated by (a) and (b) designations, show 
very good reproducibility. Particularly noteworthy in this re­
spect are experiments 4a and 4b, which were performed 6 months 
apart. Figure 22 shows the log kf,h 
�· n plots for each of the 
four electrolyte conditions used, i.e., experiments la, 2, 3a, and 
4a. 
2. Oxidative SPS/CA and ADPS/CA Kinetics of Commercial Cyto-
chrome c at Tin Oxide OTEs. 
The kinetic parameters summarized in Table 8 indicate a large 
degree of irreversibility. Although there is some variation among 
the listed rate constants, the major differences show up in the 
(1 - a) factor; i.e., the oxidative transfer coefficient. This 
point can be seen in Figure 23 which shows the actual absorbance­
time transients and the digitally simulated best-fit kinetic re­
sponses for experiments and 3, which differ only by the presence 
of 10 mM phosphate in the latter one. The ko values for the two 
experiments are very similar. The markedly greater irreversibility 
evident in experiment 3 shows up as a smaller (1 - a) value. This 
Table 7. Reductive Heterogeneous Electron Transfer Kinetic Parameters for Commercial 
Cytochrome£ at Tin Oxide OTEsa,b 
Experiment [Cltochrome £], � Electrolltec 
la 97.6 TICe 
lb 98.0 TIC 
2 96.0 TIC + 10 mM 
NaCl 
3a 96.0 TIC + 10 mM 
Na phosphate 
3b 96.8 TIC + 10 mM 
Na phosphate 
4a 101 PhosiNaClf 
4b 103 PhosiNaCl 
a. Reductive SPSICA using light pipe OTE cell. 
k0, cmls log k0 :::. 
1.62 (±0.19)d X 10-5 -4.79 (±0.05) 0.30 (±0.001) 
1.95 (±0.05) x lo-s -4.71 (±0.01) 0.34 (±0.01) 
1 . 66 ( ±O. 12) x 1 o- s -4.78 (±0.03) 0.28 (+0.01) 
7.41 (±0.86) X lQ-6 -5.13 (±0.05) 0.24 (±0.01) 
7.24 (±0.33) X 10"6 -5.14 (±0.02) 0.26 (±0.01) 
6.31 (±1.17) X 10"6 -5.20 (±0.08) 0.28 (±0.02) 
6,76 (±0.78) X 10"6 -5.17 (±0.05) 0.32 (±0.01) 
b. OTE pretreatment: successive five minute soincations in Alconox solution, 95% ethanol, and doubly 
distilled water (twice). 
c. All pH 7.0; doubly distilled water. 
d. All numbers in parentheses are one standard error. 
e. Tris, 0.09 M; cacodylic acid, 0.10 M1 � = 0.08 M. 
f. Sodium phosphate, 0.07 M; NaCl, 0.10 M; � = 0.27 M. 
N � 
w 
Figure 22. 
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Log kf h vs. n plots for the SPS/CA reduction kinetics 
of commerCTal cytochrome c at fluorine doped tin oxide 
OTEs. 6.: 0.09 M tris;o-:-10 M cacodylic acid, pH 7.0 
(Row la); 0: same plus 10 mt� NaCl (Row 2); \7: same 
as first example plus 10 mM sodium phosphate (Row 3a); 
(): 0.07 M phosphate, 0.10 M NaCl, pH 7.0 (Row 4a). 
Row numbers refer to Table 7. 
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Table 8. Oxidative Heterogeneous Electron Transfer Kinetic Parameters for 
Commercial Cytochrome fat Tin Oxide OTEsa 
[C.r:t. _c..], � Electrol�tef k0, cmls log k0 
98.0 TICg 4.47 (±0.41) x lo-s -4.35 (±0.04) 
96.0 TIC + 10 mM 1.95 (±0.14) X lQ-S -4.71 (±0.03) 
NaCl 
96.8 TIC + 10 mM 3.72 (±0.09) x lo-s -4.43 (±0.01) 
Na Phosphate 
103 PhosiNaClh 4.9 (±0.7) x lo-s -4.31 (±0.12) 
94 PhosiNaCl 2.6 (±0.2) x lo-s -4.59 (±0.03) 
a. A light pipe OTE cell (Figure 13) used for all experiments. 
b. ADPSICA of ferricytochrome f· 
( 1 - a ) 
0.20 (±0.02) 
0.22 (±0.01) 
0.05 (±0.003) 
0.05 (±0.01) 
0.10 (±0.01) 
c. SPSICA of ferrocytochrome c, which was bulk electrogenerated from ferricytochrome c at the OTE (-0.37 V) 
while stirring. Complete reduction was verified by monitoring the a and s absorptTon bands of cyto­
chrome c. 
d. Standard OTE pretreatment: successive 5 min. sonications in Alconox solution, 95% ethanol, and doubly 
distilled water (twice). 
e. Cathodic polarization OTE pretreatment: 1) cleaned OTE per standard sonication; 2) assembled OTE cell 
continued 
N 
� 
m 
Table 8 (continued) 
and vacuum outgassed 15 min.; 3) filled cell with vacuum degassed 0.4 M glycine, 0.1 M HCl, pH 3.0 
solution; 4) applied -0.750 V for 2.0 min., during which time the cathodic current increased linear­
ly from ca. 20 �to ca. 90 �; 5) applied +0.430 V for 5 min.; 6) flushed cell with doubly dis ­
tilled water; and 7) vacuum dried the cell for 30 min. 
f. All pH 7 .0; doubly distilled water. 
g. Tris, 0.09 M; cacodylic acid, 0.10 M; � = 0.08 M .  
h. Sodium phosphate, 0.07 M ;  NaCl, 0.10 M ;  � = 0.27 M .  
N 
� 
-....! 
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Figure 23. ADPS/CA absorbance-time transients for commercial cyto­
chrome c at fluorine-doped tin oxide electrodes. (--) 
experimental transients; (---) oxidative diffusion-con­
trolled limit; (41) digitally simulated best fit response. 
Solution conditions: A) 98 �cytochrome c, 0.10 M caco­
cylic acid, 0.09 �1 Tris, pH 7.0, 0.08 M ionic strength 
(See Row 1 of Table 8); B) same plus 10 mM phosphate (See 
Row 3 of Table 8). Overpotentials: initial (+370 mV); 
0 s < t < 18 s (-730 mV for A, -830 mV for B); 18 s < t < 
36 s (shown on Figure in mV). Forward rate constants for 
0 s < t < 18 s: A) diffusion controlled; B) 1.25 x 10-3 
em/sec. 
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phenomenon is shown graphically ,·n the log k 1 t f b,h �· n p o s or 
experiments - 3 (see Figure 24). 
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Several ADPS/CA ferricytochrome £experiments were performed 
using 0.07 M phosphate, 0.10 M NaCl, pH 7.0 electrolyte. However, 
only one of these (experiment 5 of Table 8) was digitally simu­
lated to extract kinetic parameters. The OTE cathodic polariza­
tion pretreatment, described in footnote (b), was found to enhance 
the oxidation rate associated with back potential steps relative 
to those experiments in which the tin oxide OTE had received only 
standard sonication. Therefore the difference in (1 - a ) values 
between experiments 4 and 5 of Table 8 is considered to be real, 
even though the experimental protocols were different. In fact, 
ADPS/CA experiments performed under identical phosphate/NaCl so-
lution conditions but with standard sonication of OTE's, exhibited 
greater irreversibility than the (1 - a) = 0.05 data shown in Fig­
ure 23. This indicates (1 - a) values even smaller than 0.05, 
i.e., essentially complete inhibition of the oxidation process for 
this electrolyte and electrode surface. 
3. Cyclic Voltammetry of Commercial Cytochrome£ at Indium 
Oxide and Tin Oxide Electrodes 
Some of these results were introduced in the first section of 
this chapter and compared to results obtained with purified cyto­
chrome c under otherwise identical conditions. Three additional 
experiments concerned with the CV be�avior of commercial (Sigma 
Type VI) cytochrome£ are considered here. The voltammetry cell 
Figure 24. 
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Log kb h vs. n plots for the ADPS/CA oxidation kinetics 
of commerCTal cytochrome c at fluorine doped tin oxide 
OTEs. Solution conditions are the same as given in 
Figure 23A with (4t) no added salt (Row 1), (� 10 mM 
NaCl (Row 2), �) 10 mM sodium phosphate (Row 3). Row 
numbers refer to Table 8. 
.1: 
Ji 
� 
0) 
0 
3 .0 
3.5 
- 4.0 
4.5 
222 
• 
• 
• • • 
1000 800 600 400 200 0 
'r1 /mV 
used for these experiments is shown in Figure 14. The buffer was 
0.24 M cacodylic acid, 0.20 M tris, pH 7.0 except as otherwise 
noted for the pH variation experiment. Tin oxide OTEs received 
the standard sonication pretreatment. 
As noted in the first section, time dependence studies such 
as shown in Figure 16 led to a situation characterized by an un­
changing CV waveform. For tin oxide OTEs in the above buffer this 
stable CV showed an estimated peak separation of 0.4 - 0.5 v. In 
the presence of 10 mM phosphate, however, both the reduction and 
oxidation processes became significantly more irreversible. The 
final stable cyclic voltammograms for this case did not exhibit 
identifiable peaks, although some reduction current was evident. 
Oxidation current was not detectable. These observations are con-
sistent with data presented in Tables 7 and 8 for experiments with 
and without phosphate. 
A preliminary pH variation experiment was also conducted with 
commercial cytochrome� at a tin oxide OTE. The electrolyte was 
0.024 M cacodylic acid, 0.021 M tris, 0.10 M KNOJ, initial � = 0.12 
M. The initial pH of 7.0 was changed by micropipet additions of 2 
M KOH or 2 M HN03 while continuously monitoring the pH. After the 
CV response at pH 7 had stabilized, pH changes were observed to 
have significant and reproducible effects on the reaction kinetics. 
Shifting the pH to acidic values resulted in progressively slower 
kinetics until no response was obtained at pH 5.4. Increasing the 
pH of this same solution resulted in the reappearance of the same 
CV responses at each pH. Increasing the pH to the maximum value 
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tested, 9, resulted in increased reversibility. However just be­
low pH 8, a decrease in current was also detected and became more 
pronounced as alkalinity increased. At pH 9.0 the peak current 
was�· �the maximum value seen at pH 7.6, even though the former 
reaction was more reversible. 
The final cyclic voltammetry experiment to be described used 
an indium oxide electrode. Cyclic voltammetry was first performed 
with 81 �cytochrome�· 0.24 M cacodylic acid, 0.21 M tris, 10 mM 
phosphate, pH 7.0 solution. The reaction was very irreversible. 
The cell was then set aside for 14 days in the lab atmosphere. 
After this duration, cyclic voltammetry revealed a well-behaved 
quasi-reversible system. 6Ep analysis gave a k0 of 8.7 (± 0.4) x 
10-4 cm/s for 8 scans at sweep rates ranging from 5 to 200 mV/s. 
The cell contents were then poured out and immediately replaced 
(without intermediate rinsing) by a freshly prepared 79 �� cyto­
chrome c (Sigma), 0.24 M cacodylic acid, 0.21 M tris, pH 7.0 so-
lution. The initially acquired 10 mV/s CV was much less reversi­
ble than observed with the old sample, 150-200 mV 6Ep � 80 
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mV, respectively. The response continued to decay during the next 
hour in a manner typically observed after introducing commercial 
cytochrome� (see Figure 16) into one of these electrochemical sys­
tems. There was no evidence of degradation of the sample which had 
been kept in the room atmosphere for 14 days. Both the 14-day and 
the fresh sample showed normal 695 nm absorption bands as well as 
(E + E )/2 values which coincided with the formal potential p, a p, c 
of cytochrome �· 
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C. Myoglobin 
1. Reductive SPS/CA Kinetics at Tin Oxide OTE's 
Metmyoglobin reduction at fluorine-doped tin oxide electrodes 
was not extensively investigated. However, some useful data was 
obtained for comparison with the cytochrome �behavior at this 
same surface. All of these experiments were performed with the 
standard OTE cell (see Figure 11) and vacuum-degassed pH 7.0 solu­
tions containing ca. 40 � metmyoglobin (Sigma Type II), 0.07 M 
phosphate (Titrisol), 0.10 M NaCl. 
The nature of the tin oxide OTE pretreatment was found to be 
an important variable with regard to myoglobin electron transfer 
kinetics. Good results were obtained following a cathodic polari­
zation treatment. After first rinsing an OTE thoroughly w.ith 95% 
ethanol and then doubly distilled water, the procedure given in 
footnote (e) of Table 8 was used with one exception: the pH 3.0 
glycine/HCl solution also contained 1.0 mr� fl!ethyl viologen. Six­
teen myoglobin adsorbance �· time transients were subsequently 
acquired at eight overpotentials ranging from -0.366 to -0.540 V. 
The resulting kf,h �· n data were linearly regressed to yield log 
k0 = -9.64 (± 0. 51) , a = 0.80 (± 0.06), and a correlation coeffi­
cient of 0.958. The corresponding formal rate constant is 2.3 x 
10-10 cm/s. An overpotential of -0.57 V was sufficient to drive 
the reduction at a diffusion controlled rate. 
In one other experiment, the tin oxide OTE was simply rinsed 
well with 95% ethanol and then doubly distilled water. The reduc-
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tion of myoglobin following this pretreatment was qualitatively 
similar to the previously described experiments with regard to 
overpotential range and transient magnitudes. However, reproduci­
bility was inadequate over the course of 30 transients to evaluate 
rate parameters. 
One final point noted in these experiments was that bubbling 
nitrogen through the myoglobin solutions adversely affected the 
electrochemical responses. Initially, experiments employed myo­
globin solutions which had been Nz-bubbled 30 min. prior to vacuum 
degassing in the OTE cell apparatus. For all OTE pretreatment 
procedures, this procedure seemed to be associated with poor and/or 
continuously decaying signal response. For the experiments des­
cribed above, Nz bubbling was not used. 
2. Reductive SPS/CA Kinetics at Methyl Viologen Modified Gold 
Electrodes 
The results for these experiments are summarized in Table 9. 
They all employed the SPS/CA method in conjunction with 200 lines/ 
inch gold minigrid electrodes, as described in Chapter III. Sev­
eral variables were investigated here and the following paragraphs 
are intended to logically present those. 
Before doing so, it is noted that the formal rate constant for 
all of these experiments is presented in logarithmic form only. 
This is a convenience in data presentation, whose need arose from 
the extreme irreversibility noted wi
.
th these reactions. Data 
points can only be obtained for very negative overpotentials far 
Table 9. Heterogeneous Electron Transfer Parameters for Myoglobin at Methyl Viologen 
Modified Gold Minigrid Electrodesa,b,c 
d C�hos' M CNaCl ' M Ex� CMV2+, mM 
IJ.
, 
M £!! log k0 � 
le 1.00 0.10 0.10 0.33 7.0 -1 0. 41 ( ±0. 11 ) f 0.88 (±0.01) 
2 1.00 0.10 0.10 0.33 7.0 -10.10 (±0.51) 0.87 (±0.07) 
3 1.00 0.10 0.10 0.22 5.8 - 8.10 (±0.46) 0.52 (±0.06) 
4 1.00 0.10 0.10 0.33 7.0 - 6.21 (±0.15) 0.29 (±0.02) 
5 1.00 0.10 0.10 0.40 8.2 - 8 . 34 ( ±0 . 1 5) 0.57 (±0.02) 
6 1.00 0.20 0 0.46 7.0 - 8.79 (±0.39) 0.62 (±0.05) 
7 1.00 0.10 0 0.23 7.0 - 9.29 (±0.46) 0.69 (±0.06) 
8 0. 75 0.50 0 1.14 7.0 -10.69 (±0.20) 0.88 (±0.03) 
9 0.75 0.20 0 0.46 7.0 -11.31 (±0.27) 1.00 (±0.04) 
10 0.75 0.10 0 0.23 7.0 -10.48 (±0.92) 0.84 (±0.12) 
11 0.75 0.05 0 0.11 7.0 -11.85 (±0.60) 1 .1 0 (±0.08) 
12 0. 75 0.02 0 0.05 7.0 - 8.32 (±0.43) 0.59 (±0.06) 
continued 
N 
N 
...... 
Table 9 (continued) 
a. See Chapter Ill, Section D, for modification procedure. 
b. Double-sided OTE cell ( Figure 12) was used in experiments 3 - 12; a single-side standard OTE cell 
( Figure 11) was used in experiments 1 and 2. 
c. Myoglobin concentration was 40 ± 2 �. Individual experimental values are not shown. 
d. Methyl viologen concentration used in electrode modification procedure. 
e. From Reference (8). 
f. Number in parentheses is the standard error. 
N 
N 
00 
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removed from the Eo' of myoglobin. The regression line fitted to 
these log kf,h 
�· n data pairs must then be extrapolated a con­
siderable distance to the E0' in order to obtain the y-intercept 
value, log ko. The sometimes considerable standard error associ­
ated with the y-intercept is presented most conveniently in log 
form. Figure 25 shows a typical example of the data analysis situ­
ation for myoglobin SPS/CA experiments. 
Nearly all of the experiments of Table 9 were performed with 
the double-sided OTE cell shown in Figure 12, which avoids ambigu­
ities associated with flexible minigrid electrodes in single-sided 
configurations, as described in Chapter III. This can clearly be 
seen by comparing experiments 2 and 4 , in which the only difference 
is the cell. For the double-sided cell, solution extends on each 
side of the minigrid to insure semi-infinite diffusion. With the 
single-sided cell, however, a partial and nonuniform diffusion 
layer is trapped between the minigrid and the quartz plate which 
constrains it. This undesireable situation could cause non-repro­
ducible effects during both electrode modification and the actual 
SPS/CA experiment. Experiment l, a previously published single­
sided minigrid experiment, is included here for comparison. Experi­
ments 1 and 2 match up well, but are clearly different from the 
"better" value given for experiment 4 .  
I n  experiments 3 - 5, p H  is varied from a value o f  5.8 t o  8.2. 
A pH value of 7 seems to be associated with a maximum rate constant 
and a minimum value of a. 
A comparison of experiments 6 and 7 with experiment 4 indicates 
Figure 25. 
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Log kf h vs. n plot for the SPS/CA reduction kinetics 
of myoglobln at a methyl viologen modified gold mini­
grid electrode. Solution conditions: 40 �1 myoglobin, 
0.10 M phosphate, 0.10 M NaCl, pH 7 .0. These data cor­
respond to Row 4 of Table 9. 
.. 
..
.. 
� 
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-0.6 
that the presence of chloride ion increases the rate constant and 
decreases a. 
Experiments 8-12 represent the results of varying the concen­
tration of the phosphate buffer and therefore the ionic strength. 
The largest change in kinetic parameters is associated with the 
lowest value of this variable. For phosphate concentrations of 
0.05 to 0.50 M, reasonably similar behavior is observed. 
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Experiments 8-12, however, also differ as a group from the 
other experiments in that the methyl viologen concentration during 
the electrode modification was reduced from 1.00 mM to 0.75 mM. 
The result of this change can be discerned by comparing experiment 
6 with experiment 9, and experiment 7 with experiment 10. The re­
duced methyl viologen concentration during modification appears to 
result in a smaller rate constant and a larger a value. 
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CHAPTER V - DISCUSSION 
A. Importance of Sample Purification 
The fact that chromatographic purification of commercial cyto­
chrome� leads to dramatic changes in its electrochemical behavior 
is a major practical finding in this work (1). A comparison of 
Figures 16 and 17 along with consideration of the accompanying 
text bears this out. Without purification, the voltammetric re­
sponse of cytochrome� at either indium oxide or tin oxide elec­
trodes markedly decays with time. For 1-2 hours following sample in­
troduction in a quiet solution, the electrode reaction becomes in­
creasingly irreversible until a steady-state condition is reached. 
With purified cytochrome�· the reaction is nearly reversible at 
indium oxide and quasi-reversible at tin oxide. This response was 
shown in Chapter IV to be stable and reproducible. The level of 
precision associated with these results may be attributable to 
trace contaminants still remaining in solution or to time-dependent 
changes in the electrode surface, e.g. hydration. 
The cytochrome �contaminant responsible for the impairment of 
the electrode reaction has not been identified. It could be one 
of the chromatographic impurity bands listed in Table 2. Another 
possibility is that it is a contaminant which was not de-
tected spectrophotometrically during the elution. Probably the 
contaminant acts by adsorbing onto the electrode surface and 
blocking it in some manner. It is not clear whether the driving 
234 
force for contaminant adsorption is of a hydrophobic or a hydro­
philic nature. 
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It seems clear that in any future work the purity of the pro­
tein being used must be evaluated and reported carefully. Commer­
cial protein samples will undoubtedly prove to be inadequate for 
many electrode interfacial studies. For stationary electrodes, 
both solid and liquid, this is particularly important. This ef­
fect may not be as important for dropping mercury electrodes since 
the electrode lifetimes are typically 0.5 - 5 s. 
Evaluation of previously reported work must also consider the 
question of purity. Hill's group (2, 3) has used chromatographi­
cally purified cytochrome£ in their work with 4,4'-bipyridine/ 
gold electrodes. However, they have never reported the effect(s) 
of purification on electrochemical response. In Yeh and Kuwana's 
(4) earlier report on indium oxide electrodes, a non-commercial 
and presumedly high purity cytochrome £ sample was employed. Serre 
et �· (5) reported that passage of commercial cytochrome£ through 
a Sephadex column resulted in no change in polarographic behavior. 
In other reports dealing with cytochrome£ as well as other redox 
proteins, there exists a variety of sample sources and undoubtedly 
a considerable range of sample homogeneity. This point must be 
considered when comparing results. 
B. Cytochrome£ (Purified) 
Data shown in Table 3 and in Figure 17 demonstrate that cyto­
chrome c electron transfer at tin doped indium oxide electrodes is 
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rapid. The DCVA results of Figure 17b are consistent with a well­
behaved one-electron redox couple for scan rates at least to 20 
mV/s. These results are in good agreement with Yeh and Kuwana's 
(4) original observations except for the calculated diffusion co­
efficient (see below). 
Also indicated in Table 3 is a dependence of the electron trans­
fer rate constant on cytochrome c concentration. As concentration 
rises, the reaction becomes less reversible. This finding is 
reminiscent of previously discussed cytochrome£ polarographic re­
sults {5, 6) in which the reduction overpotential of cytochrome£ 
was found to vary as log (1/c). Although the present data is not 
extensive enough to establish the existence of this particular re­
lationship in the present case, the general trend is the same. In 
the former investigations (5, 6) it was concluded that adsorption 
of the protein inhibited the electrode reaction. This effect or re­
maining impurities may explain the presented results. 
The film transfer/CV results obtained with an indium oxide elec­
trode, which are shown in Figure 18, clearly demonstrate the ad­
sorption of cytochrome £· There are two interesting aspects of 
this adsorption. First, the redox potential of the adsorbed mole­
cules is very close to the solution E0' of cytochrome£, being 
shifted slightly in the positive direction. This is strong evi­
dence that cytochrome£ exists in the native state when adsorbed on 
indium oxide, in contrast to mercury {7) and silver (8). Further­
more, the [0' of cytochrome£ is known to undergo various small 
positive shifts when it binds to phospholipids, mitochondria, and 
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isolated enzymes {9). 
The second striking aspect of cytochrome£ adsorption on indium 
oxide electrodes is the strength of adsorption. As described in 
Chapter IV, approximately l/2 of the estimated 10% surface cover­
age persisted after more than 20 additional CV's. This obser­
vation seems inconsistent with the observed rapid electron trans­
fer kinetics if it is assumed that each diffusing molecule must 
undergo this type of adsorption with consequent desorption in order 
for net current to be observed. A more likely explanation is that 
surface sites having differing affinities for cytochrome £are 
present on the oxide surface. The sites which result in the be-
havior shown in Figure 18 would constitute the high-affinity group. 
In the simplest view, the remainder of the surface would consti-
tute the low affinity sites. It is emphasized that neither 
the existence nor the properties of these low affinity cytochrome 
£adsorption sites have been probed directly. The concentration 
dependence of the rate constant ( see above ) suggests the existence 
of these adsorption sites on the surface. 
The basis of the differing affinity sites may stem from the 
heterogeneity of the metal oxide surface. It has been suggested 
that the surfaces of tin oxide and indium oxide electrodes are 
probably significantly flawed (10, 11). This could result in sur­
face states with different binding affinities for cytochrome£· 
Another possibility is that hydration of the metal oxide surface 
may significantly affect such sites. The one experiment in which 
an indium oxide electrode was soaked extensively in buffer result-
ed in the most reversible electrode reaction observed (see Table 
3). Hydration may, however, also affect the charge and potential 
distribution at the interface, which in turn may be the primary 
factor in controlling the electron transfer rate. 
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As noted above, the cyclic voltammetric results obtained here 
with indium oxide electrodes are similar to those of Yeh and Kuwana 
(4) except for the values of the ferricytochrome £diffusion coef­
ficient. In the present work, a value of 1.2 x 10-6 cm2/s was de­
termined from the Randles-Sevcik equation and is consistent with 
other reported values which were determined non-electrochemically. 
The Randles-Sevcik-derived value given by the above authors, 0.5 x 
10-6 cm2/s, is considerably smaller, however. This discrepancy can 
perhaps be explained in terms of the high and low affinity surface 
sites just described if the properties and relative numbers of 
these sites vary sufficiently from batch to batch. This type of 
variability has apparently not been addressed in the literature. 
Surface variability may also be a factor with regard to the specif­
ic location on a single plate of OTE material, from which the smal-
ler OTE is removed. 
The results given in Table 4 indicate that cytochrome£ elec­
tron transfer is more irreversible on tin oxide electrodes than on 
indium oxide electrodes, i.e., k0 is�· one order of magnitude 
smaller. This result is in qualitative agreement with Yeh and Ku­
wana's (4) previous observation. Discussion of the cause of this 
rate difference follows shortly. One additional comment on Table 
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4 concerns the electrode pretreatment results. Although an expla­
nation for the reduced electron transfer rates observed after either 
a boiling water pretreatment or an ethanolic KOH sonication is not 
apparent, these results do point out the importance of pretreatment 
procedures on the electrode reaction. 
The results shown in Table 5 and Figure 19 indicate that cyto­
chrome� can also transfer electrons readily with bare metal elec­
trodes. As discussed in Section F.2. of Chapter I, such observations 
are unexpected. Evidently the cleanliness and state of the elec­
trode surface, as well as the purity of sample and electrolyte, are 
all important in this regard. For example, the hydrophobic/hydro­
philic nature of gold surfaces (12, 13) probably plays a crucial 
role in its reactions with cytochrome �- Since clean gold surfaces 
are hydrophilic, this may be required for rapid electron transfer. 
Taken together, the purified cytochrome� results obtained here 
for metal and metal oxide surfaces, as well as those obtained by 
Hill and coworkers (2, 3) for the 4, 4'-bipyridine/gold surface, 
show that cytochrome� can transfer electrons rapidly with many, 
very different, solid electrodes. The proposed mechanism for this 
latter electrode was previously discussed in Section F.2. of Chapter 
I. For the metal and metal oxide electrodes, it is proposed that 
a combination of electrostatic and chemical forces in the inter­
facial region is responsible for the observed electron transfer 
rates. 
Cytochrome�· as previously described, has a large el
ectric di-
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pole moment of�· 300 debyes (14). As a cytochrome£ molecule dif­
fuses close to an electrode surface, it will therefore be affected 
by the electric field extending into solution from the electrode. 
The field strength as a function of distance from the electrode sur­
face will depend primarily on excess electrode surface charge den­
sity and ionic strength. Factors affecting the magnitude and dis­
tribution of excess charge on electrode surfaces were discussed in 
Sections El and E2 of Chapter I. The positive end of the dipole 
axis crosses the molecular surface in the exposed heme edge region 
of the molecule. Assuming that electron transfer occurs at 
the exposed heme edge of cytochrome £• it is then expected that 
negatively charged electrode surfaces will enhance the reaction 
while positive surfaces will tend to impede it. For metal elec-
trodes, the sign and magnitude of the surface charge will general­
ly be determined by the applied potential, the pzc, and the double 
layer capacitance. For metal oxide electrodes the situation is 
more complex, as discussed in Section E2 of Chapter I, and acid/base 
equilibria and space charge thickness will also be important. 
As cytochrome£ molecules diffuse into the charged dou
ble 
layer region specific electrostatic and chemical 
forces 
will become important determinants of their motion, location
, and 
orientation. In high ionic strength electrolytes, the elect
ric 
field/dipole interaction described in the previous para
graph is 
probably negligible due to the size of the cytoc
hrome£ molecule 
relative to the Helmholtz double layer thic
kness. However, the 
·t t· ·th regard to general surface ch
arge effects also 
same s1 ua 1on w1 
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applies to specific electrostatic interactions. For example, a 
negatively charged electrode surface will attract the individual 
positively charged lysines surrounding the exposed heme crevice of 
cytochrome £· Such a situation would be expected to enhance elec­
tron transfer if the exposed heme edge is the reaction site. 
The specific interfacial chemical forces may take several forms. 
Hill and coworkers (2, 3) have proposed a strictly chemical inter­
action as the basis for enhanced cytochrome£ binding and the re­
sultant rapid electron transfer rate at the 4, 4'-bipyridine elec­
trode. This interaction was proposed to be hydrogen bonding be­
tween adsorbed 4, 4'-bipyridine nitrogen lone pairs and protonated 
E-amino groups of lysine residues in the exposed heme edge region 
of cytochrome£· For the non-surface-modified metal and metal ox­
ide electrodes investigated here, a different chemi-
cal interaction is required. It is proposed that a hydrophilic 
interface provides the structural basis for suitable chemical in­
teractions with cytochrome £· The oriented hydration layers on 
electrodes, which were described in Section E of Chapter I, may 
provide suitable interfaces for cytochrome£ to interact with. A 
large part of such interaction will undoubtedly be hydrogen bond­
ing between "oriented" water molecules and the lysine E-amino 
groups. This interaction would be analogous to that previously 
proposed for the 4, 4'-bipyridine hydrogen bonding (2, 3). For 
metal and metal oxide electrodes, it may also be possible to de­
scribe the interfacial situation in terms of a hydration monolayer 
which belongs to the electrode but which can be "shared" in a re-
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versible manner with cytochrome£ molecules at various locations. 
Before returning to the indium oxide, tin oxide, and metal 
electrodes and discussing ,·nd,·v,·dual electron transfer mechanisms, 
the general role of cytochrome £adsorption is considered. As dis­
cussed in Section F of Chapter I, essentially all authors have 
recognized the existence and involvement of protein ad-
sorption with regard to electron transfer behavior. Albery et al. 
(3) have proposed that significant protein binding to an electrode 
surface is a necessary condition for rapid electron transfer. In 
this model rates are enhanced because the overall energy of activa­
tion for the electron transfer reaction is reduced in a manner 
analogous to general enzyme catalysis. For the cytochrome£ reac­
tion at the 4,4'-bipyridine electrode, an approximate increase of 
105 in the rate of electron transfer was ascribed to this bind-
ing energy. It was also suggested that binding might also enhance 
rates through preferential orientation of the cytochrome £mole­
cule, i.e., by causing the exposed heme edge to face the 
electrode (3, 15). Such orientational effects supposedly result 
in a lowering of 6G* for the elementary first order electron trans­
fer reaction between bound cytochrome£ and the electrode, i.e., 
equation (12c). Alternatively, one can assume that electron tun-
neling (16) is the primary electron transfer process. In this 
model, the effect of proper orientation would be to reduce the 
tunneling distance between the two redox centers, i.e., the cyto­
chrome c heme and the electrode. Assuming that cytochrome£binding to
 
the electrode surface does lead to rate enhancement, it is prese
ntly 
difficult to apportion this rate enhancement among the possibili­
ties just discussed. 
For the metal and metal oxide electrodes used in this work, 
it . t lS no yet possible to unequivocally identify the site(s) of 
electron transfer on the cytochrome £molecule. Based on pre­
vious work (3,17) and the results presented here, electron trans­
fer at the exposed heme edge appears to be most plausible. Based 
on these results, it is proposed that indium oxide electrodes 
carry an excess negative charge at neutral pH. Such a 
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situation would enhance electron transfer to the positively charged 
exposed heme region and result in the fast electrode reactions ob-
served. The CV adsorption results (see Figure 18) also are con­
sistent with such a proposal since strong positive electrostatic 
interactions could account for the strongly adsorbed molecules 
described for that experiment. The slower electron transfer rates ob­
served with tin oxide electrodes may be due to a difference 
in surface charge although the nature of this difference has 
not been determined. A less negative surface charge could be re­
sponsible by providing reduced electrostatic attraction. Al­
ternatively, the surface charge on tin oxide may be too negative. 
This situation would cause the molecules to adhere too strongly, 
thus blocking the electrode surface and inhibiting the reaction. 
A comparison of cytochrome£ concentration variation experiments 
for these two electrodes might suggest the correct cause. Addi­
tionally, experiments which vary the pH between 6 and 8, a range 
in which the cytochrome£ charge is relatively constant (18), may 
be valuable because the electrode surface charge would be changed 
significantly as a result. 
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In the metal oxide/cytochrome£ electron transfer reactions, 
electron tunneling to the exposed heme edge appears to be a rate controlling 
process. This suggestion, which is speculative, is based on struc­
tural considerations. At the surface of the metal oxide, a mono­
layer of immobile adsorbed water molecules is most likely present 
(19) and would have an effective thickness f 3 4 A
0 
o ca. - . It is 
unlikely that the cytochrome£ heme or other redox site would pene­
trate· this 1 ayer. Bel ow the surface of the semiconductor is a 
space-charge layer across which electrons must tunnel to reach so-
lution energy levels (20, 21). Although this distance is not 
known exactly for the present case it is probably on the order of 
ten or tens of angstroms (21). And finally, the exposed heme edge 
of cytochrome£ is located slightly below the molecular surface. 
0 
Thus it appears that an electron must travel at least 10 A, con-
servatively, when transferring between the cytochrome£ heme edge 
and an energy level within the electrode. Tunneling would seem to 
be required for this process (16). An alternative to this model 
could involve electron transfer via surface states on the oxide 
surface. 
For bare metal electrodes which behave in a hydrophilic manner, 
it seems possible that a suitable surface charge is all that is 
needed for rapid electron transfer rates with cytochrome£· What 
bl f h rge is not presently known. How-constitutes a suita e sur ace c a 
ever, additional work may allow qualitative prediction of an un
-
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tested metal electrode's suitability for cytochrome£ electron 
transfer based on its pzc. For a hydrophilic metal electrode, 
cytochrome£ probably penetrates at least to the OHP. In this po­
sition the distance between the exposed heme edge and the electrode 
0 
surface is ca. 5 A or less. Although electron tunneling is still 
likely here, it may be completely negligible with regard to rate 
since the energy barrier will be narrow. 
C. Cytochrome c ( Commercial ) 
T�is section deals with experiments conducted with commercial 
cytochrome£ samples. These results are compared with those ob­
tained with purified samples. 
The general mechanism proposed is similar to that described in 
Section B in that the proximity and orientation of the exposed 
heme edge with respect to the electrode surface is the controlling 
factor in the observed electron transfer rates. The electrode sur-
face fouling process, which commences upon addition of commercial 
cytochrome£ to the solution, apparently involves the formation of 
a monolayer of strongly adsorbed material. As discussed in Chapter 
1 v, it can be seen in Figure 16 that eye 1 i c vo 1 tammetry of commercia 1 cy­
tochrome c at meta 1 oxide e 1 ectrodes rapidly becomes more i rrevers i b 1 e. 
Reproducible CVs are eventually observed, suggesting that the inter­
facial region is in equilibrium with the electrode and the solution. 
The reproducibility noted in Chapter IV for commercial cytochrome£ 
experiments can be attributed to the fact that, by the time data ac­
quisition had begun in a chronoabsorptometric experiment, the con­
taminated interfacial region was nearing, or at, equilibrium. 
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Once this equilibrium is reached, the electrode can be consider­
ed to be chemically modified, albeit in an undesireable way. The 
rate at which diffusing cytochrome£ molecules are reduced or oxi­
dized, probably depends mostly on their positions and orientations 
with respect to the electrode surface. Presumably the exposed heme 
edge must be close enough to the electrode surface in order to real­
ize facile electron transfer. The chemical nature of the surface 
contamination layer is unknown. It probably inhibits cytochrome£ 
electron transfer through steric effects, i.e., blockage of the sur­
face : although electrostatic and hydrophobic effects may also play 
significant roles. Whether electron transfer proceeds through the 
contamination layer or in pores which may exist in it is not clear. 
However, this contamination layer does appear to be different from 
the irreversibly adsorbed cytochrome £layer observed on mercury 
electrodes (S-7,  22, 23). For the latter situation, diffusion co­
efficients calculated from diffusion limited currents are always 
low, typically 0.5 x 10-6 cm2/s (6, 23). But, at tin oxide OTEs 
the value determined from diffusion controlled chronoabsorptometric 
transients was found to be normal, i.e., 1 x 10-6 cm2/S (24). These 
results indicate that the adsorption layer on tin oxide is likely 
to be looser than on mercury. The interfacial electron transfer 
mechanisms may also be different. 
A detailed examination of the electron transfer kinetic results
 
d 8 ·11 t be given here because of the presented in Tables 7 an Wl no 
1 ·t t"on as well as the question of complexity of the interfacia Sl ua , 
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relevance mentioned in the first paragraph. Some discussion has 
been given elsewhere (24-26). The interpretative difficulties are 
suggested by the specific ion effects apparent in the data of 
Tables 7 and 8. The observed effects could be due to specific ion 
adsorption to either the freely diffusing cytochrome£ molecules, 
the adsorbed layer, the metal oxide surface, or to a combination 
of these. 
Nevertheless, it is possible to suggest electrostatics as a 
reason for the irreversibility of the cytochrome£ oxidation reac­
tion at the metal oxide electrodes (see Table 8) relative to the 
reduction reactions. Specifically, the electrode surface charge 
present during the oxidation of cytochrome £ is more positive rela­
tive to that present during its reduction. Since cytochrome£ is 
a polycation and the likely site of electron transfer, i.e., the 
exposed heme edge, is surrounded by positive charges, electrostatic 
repulsion may be inhibiting the reaction at oxidation potentials. 
The pH-variation cyclic voltammetry experiment with commercial cy­
tochrome c at a tin oxide electrode, as described in Chapter IV, 
also supports this proposal. As pH was increased above a value of 
7, the reaction became more reversible; more acidic conditions 
caused increased irreversibility. Since increased pH makes the 
electrode surface charge more negative (and vice versa), electro­
statics seem to predominate the commercial cytochrome £reaction 
at metal oxide electrodes. 
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D. Myoglobin 
Results for myoglobin electron transfer reactions were obtained 
prior to the purification and evaluation of cytochrome£ already 
described. The results discussed here are therefore only for com­
mercially acquired myoglobin samples. 
In both the MVMG and the tin oxide experiments, an adsorbed 
layer of myoglobin ( and perhaps other impurities ) exists at the 
electrode interface. The evidence for this fact was presented in 
Chapter I, Section F2, and has been summarized and discussed re-
cently by Castner (27, 28). 
In Castner's (27, 28) steady-state channel flow hydrodynamic 
kinetic experiments, 5 - 10 minutes were required for an invariant 
and stable current to be observed following application of a po-
tential step. This phenomenon was apparent with either myoglobin 
or commercial cytochrome£ and is indicative of an initially dy­
namic interfacial region which eventually attains an equilibrium 
state. Castner's (27, 28) reported values of k0 and a for the 
MVMG electrode were consistently larger and smaller, respectively, 
than the comparable SPS/CA values given in Table 9. This differ­
ence undoubtedly arises from the difference in technique, i.e., 
steady-state versus transient (27). The steady-state results are 
less likely to be influenced by the establishment of interfacial 
equilibrium compared to the transient measurements reported here. 
A detailed interpretation of the rate data in Table 9 for myo­
globin reduction at MVMG electrodes will not be given here for 
reasons outlined in the previous section. Nevertheless the changes 
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seen in electron transfer rate which result from the variation of 
solution conditions, i.e., pH and ionic strength, strongly suggest 
that electrostatic interactions are important in the heterogeneous 
reduction process. Castner's (27) results firmly support this con­
tention. 
The process by which diffusing myoglobin molecules are 
reduced at MVMG and tin oxide surfaces is not known. Although 
Kuznetsov's pore model may be applicable, there is some evidence 
which suggests that electrons pass through the adsorbed layer. 
Such a process would be analogous to Scheller's (23, 29) original 
suggestion for mercury electrodes. The experiments in Table 9 for 
which a values equal and exceed unity do not obey Butler-Volmer 
theory. As a +  1, the potential range corresponding to the elec­
tron transfer kinetic window also becomes increasingly narrow. In 
effect, increasingly negative overpotentials are applied without 
any apparent myoglobin reduction until the reaction goes "all at 
once" over a very narrow potential range. This potential range 
was centered at roughly -0.4 V. One way to account for such ob­
servations is to postulate electron transfer from the electrode to 
heme groups in the adsorbed myoglobin layer. These would in turn 
transfer the reducing electrons to diffusing myoglobin molecules. 
Strong denaturation of myoglobin at silver electrodes has been 
reported (8). Also, according to Stellwagen (30), increased heme 
exposure to an aqueous environment causes the heme redox potential 
to shift in a negative direction. And finally, one could expect a 
hydrophobic exposed heme group to be able to "find" and transfer 
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electrons to the heme group of a native myoglobin molecule. In a 
native myoglobin molecule, the heme group is approximately 18% sol­
vent-exposed (30). 
Thus, the proposed model for myoglobin reduction is as follows. A 
significantly deformed myoglobin adsorption layer is formed at the 
electrode surface. Heme groups in this layer are significantly 
more exposed relative to native myoglobin and thus exhibit a 
negative redox potential shift. The rate of reduction of diffusing 
molecules is controlled mostly by the rate of reduction of hemes 
in the adsorbed layer. These hemes act like immobilized mediators 
with negative redox potentials. It is also possible that some re­
duction ( or oxidation ) occurs in adsorption layer pores. 
There is a piece of polarographic data which also 
supports this reduction mechanism for myoglobin. Scheller et al. 
(23) reported that the myoglobin diffusion coefficient calculated 
from diffusion-limited polarographic currents is consistent with 
values determined from other methods. This suggests that myo­
globin reduction is not limited to a pore process, which would be 
expected to yield a "low" diffusion coefficient. 
E. Concluding Remarks 
d t · th1. s work F1. rst, ,. t has been shown Two points stan ou 1n . 
that the sample purity of cytochrome£ must be assured. Second, 
the importance of electrostatic interactions and interfacial 
hydration structure have been described and experimentally sup
-
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ported with regard to the electron transfer reactions of cytochrome 
�at solid electrodes. 
The results obtained with metal and metal oxide electrodes sug­
gest that cytochrome �may exhibit rapid rates of electron transfer 
with electrodes which are not modified. The existence of a suita­
bly charged, hydrophilic interface appears to be required. Strong 
specific chemical interactions are also likely at the oxide sur­
faces, and may be the predominant factor there. The existence of 
deprotonated surface hydroxyl groups may give rise to specific 
electrostatic interactions with positive lysine residues on cyto­
chrome c. Specific electrostatic attractions between positive ly­
sine groups and negative carboxylate groups have been implicated 
in the reactions of cytochrome �with its physiological redox 
partners (31). In view of this, metal oxide interfaces may pro­
vide particularly good models for physiological interfaces. Fur­
ther support for this contention is provided by the similarities 
noted in Chapter I with regard to their hydration structures. 
The eludication of a detailed electrochemical electron transrer 
mechanism for cytochrome� or any other protein has not been 
achieved. An important step towards this goal was provided by Al­
bery et �· (3), who showed that adsorption of cytochrome� was 
important for enhancing its electron transfer rate at 4,4'-bipyri­
dine modified gold electrodes. The manner in which this happens 
is not clear, however, although this group appears to favor 
a reduction in overall energy of activation (3, 15). One problem 
with this approach for calculating rate enhancements is that the 
value of �G* for the elementary electron transfer step (equation 
12c) in the absence of adsorption is not known. It is assumed to 
be the same as that measured at the 4,4'-bipyridine/gold surface, 
which is likely to be structurally different from other inter­
faces. 
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Clearly, more detailed information is needed, especially with 
regard to electrode interfacial structures before these biological 
electron transfer reactions are understood. Cytochrome£ is a use­
ful system for such studies because its molecular structure is 
known. However, it is also necessary to determine its specific 
transition state location and orientation in the interface region 
in order to specify its detailed mechanism. 
It is not apparent at present whether rapid electron transfer 
rates at a particular electrode result mainly from enhanced sur-
face concentrations, reduced activation barriers for electron trans-
fer, or reduced electron tunneling distances. The possibility that 
tunneling may be an important rate-controlling step in these elec­
trode processes could have important implications for biological 
studies (16, 32) aimed at clarifying such matters of choice as de­
scribed in the preceding sentence. 
This work contributes to the potential for being able to predict elec-
tron-transfer rates for previously unpaired combinations of pro­
tein and electrode. Some qualitative predictions are possible at 
present: 1) cytochrome£ will exhibit rapid rates of electron 
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transfer with several other unmodified electrodes possessing hydro­
philic surfaces for reasons described above; 2) other electron 
transfer proteins will readily undergo electron transfer at suita­
ble unmodified electrodes; 3) electrostatic and hydrophobic/hydro­
philic effects will be the major factors affecting reactions of 
biological molecules at metal electrodes; 4) non-electron-transfer 
proteins such as myoglobin will probably require•themically modi­
fied surfaces for rapid electron transfer. 
Based on the results presented here and the literature dis­
cussed .in Section F of Chapter I, the following brief evaluation 
of three biological electron transfer reactions at mercury is of­
fered as a closing. For extremely fast reactions such as cyto-
chrome �3, the primary adsorbed monolayer appears to conduct elec-
trans from the mercury to diffusing molecules, as suggested by 
Niki et �· (33). The fact that the hemes in cytochrome �3 are 
well-exposed and the molecular weight per heme is low are likely 
to be important factors (34). For cytochrome � reduction at mer­
cury, diffusing molecules appear to be reduced directly and only 
in the pores of the primary adsorbed monolayer, as proposed by 
Kuznetsov et �· (22). On the basis of mixed protein adsorption 
layer studies (22, 23), electron transfer through individual ad­
sorbed molecules to diffusing molecules does not seem likely. Re­
striction of cytochrome � reduction to pores probably accounts 
for its low polarographic diffusion coefficient. For the extreme­
ly irreversible myoglobin reduction, electrons appear to transfer 
to diffusing molecules through adsorbed denatured molecules, as 
described by Scheller and coworkers (23). The process may be simi-
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lar to the one described in the preceding section for solid elec­
trodes whereby the reduction of heme groups in the adsorbed layer 
is the rate controlling step. For all of these mercury reactions, 
electrostatic and chemical interactions between molecules in the 
adsorbed layer as well as between adsorbed molecules and diffusing 
molecules is likely to have an important influence on rate. Elec­
trostatic repulsion effects are expected for highly charged mole­
cules such as cytochrome£. This appears to be the underlying 
cause for its increased reaction reversibility observed when 
ionic strength is increased (35) or when positively charged cyto­
chrome£ molecules in the primary adsorption layer are replaced 
with negatively charged bovine serum albumin molecules (22). Elec­
trostatic repulsion may also account for the decreased reversi­
bility of the cytochrome£ reaction when pH is changed from neu­
tral to acidic values (6). Such a change will increase the magni­
tude of the positive charge on each cytochrome £molecule. 
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Appendix 
Methyl Viologen/Surface Hydrogen Reactions 
Research effort was initially directed at understanding the 
electrochemical reaction which results in formation of the methyl 
viologen modified gold electrode (see Chapter I, Section F2). This 
reaction appears to be complex. For the modification conditions 
typically used (1 ), at least four major reactants are possibly in­
volved: methy1 viologen cation radical and neutral species, ad-
sorbed hydrogen atoms, and hydroxide ions. The latter two react-
ants are expected because of the significant hydrogen evolution 
current which flows during the electrode modification. Kinetic re-
sults were published (2) which demonstrate that methyl viologen 
cation radicals react readily and irreversibly with surface ad­
sorbed hydrogen atoms. Recent reports from other groups (3, 4) 
suggest that the hydrogen atoms may be reacting with the viologen 
radicals in a multistep hydrogenation, leading ultimately to 1,1'-
dimethyl-4,4'-bipiperidine. 
1. 
2. 
3. 
4. 
Landrum, H. L.; Salmon, R. T.; Hawkridge, V. M., �· Am. Chern. 
Soc. (1977), �. 3154-3158. 
Bowden, E. F.; Hawkridge, F. M.,�. Electroanal. Chern. (1981), 
125, 367-386. 
Keller, P.; Moradpour, A.,�· Am. Chern. Soc. (1980), 102, 7193-
7196. 
Johansen, O.; Launikonis, A.; Loder, J. W.; Mau, A. W. -H.; 
Sasse, w. H. F.; Swift, J. D.; Wells, 0., Aust. �·Chern. (1981), 
34, 981-991. 
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Appendix II 
Phosphate Buffers 
The following method was used to determine how total phosphate 
concentration (Cph) is related to ionic strength at pH 7. Known 
volumes of equimolar solutions of NaH2P04 and Na2HP04 were pre­
pared and mixed to pH 7. By recording the volume of each compon­
ent used , the final concentrations of Na+, H2P04-, and HP042- could 
be calculated and then used to determine ionic strength (�): 
� = 
� L c.(Z.)2 (. 1 1 
where Ci and Zi are the concentration and charge of ion i. This 
was done for 6 total phosphate concentrations ranging from 0.01 M to 
0.50 M. 
Plotting � against total phosphate concentration resulted in a 
line (r = 0.99995) which passed through the origin. From the slope, 
we have: 
cph = o.437� 
Therefore , for a desired ionic strength �. prepare solutions 
of the individual phosphate components , each at a molarity of 
0 . 437� . and then mix to pH 7.  
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Appendix III 
Tris/Cacodylate Buffers 
Tris is the common name for tris(hydroxymethyl)aminomethane, 
or (CHzOH)JCNHz. Cacodylate is the anion of cacodylic acid, which 
is the common name for dimethylarsinic acid, or (CH3)zAsOOH. 
Standard equilibrium calculations were performed to evaluate 
the equilibrium concentrations of each species at pH 7. The pKa 
values used were 6.3 and 8.2 for cacodylic acid and tris, respect­
ively. Ionic strength effects on pKa values were not included. 
For a desired ionic strength� at pH 7, it was calculated that 
mixing equal volumes of the following components is required: 
ctris 2 . 12� 
ccac = 2 .41� 
For ionic strengths of 0.08 M and 0.20 M, the actual required 
volumes of these components needed to attain pH 7 were almost 
equal. Approximately 3 - 5% more of the tris component was needed. 
Diluting a� = 0.20 M tris/cacodylate buffer had negligible 
effect on the pH down to � = 0.01 M. 
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Appendix IV 
Gold Electrode Surface Area Determinations 
Gold electrode material purchased from Buckbee-Mears Co., St. 
Paul, Minnesota, was in the form of foil or 200 wires/inch mesh. 
One side is smoother (the substrate side) and the other side ap­
pears rougher (the bath side). This is because both gold products 
are electroformed on a gold substrate from a plating path. The 
real, i.e., microscopic, surface areas of these materials were de-
termined using the method of Rand and Woods (1, 2), in which a 
monolayer of oxygen is electrochemically formed and then reduced. 
Charge passed in reduction is then correlated to surface area. 
The results, normalized to 1 cm2 pieces of material are: 
Sample 
Foi 1, smooth 
side 
Foi 1, rough 
side 
t·1esh, 200 
wires/inch 
Geom. Area, cm2 Real 
0.64 
Roughness 
Area, cm2 Factor 
1.8 1.8 
4.2 4.2 
1.7 2.7 
The roughness factor, which is a measure of the microscopic 
surface morphology, is defined as real area divided by geometric 
area and must always be.?.. 1. The visually "rough" and "smooth" 
sides of the gold foil are evidenced by high and low roughness 
The mesh roughness factor is intermediate factors, respectively. 
in magnitude, since a combination of smooth and rough surface re-
gions is being measured. 
The geometric areas of rectangular foil samples were measured 
with a ruler. The normalized geometric area of the mesh was cal­
culated from cross-sectional photographs of the mesh wires (sup­
plied by Buckbee-Mears) in conjunction with the wire density. A 
± 10% accuracy seems reasonable. 
1. 
2. 
Rand, D. A. J.; Woods, R., �- Electroanal. Chern. (1971), I!_, 
29. 
Woods, R., in "Electroanalytical Chemistry," Volume 9, A. J. 
Bard (editor), Marcel Dekker, New York, 1976, p. 124. 
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